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Abstract

This thesis has been presented by Mark P Jackson and submitted (April 2008) to The
University of Manchester for the degree of Doctor of Philosophy and is entitled “High-
pressure Raman scattering studies on the vibrational properties of dilute nitrides”.

The thesis presents results and calculations on the vibrational properties of three
different dilute nitrides and a III-V semiconductor under hydrostatic pressures using
Raman scaitering measurements up to their phase transitions. The samples of interest
are InSbg.0932Nop.0068, GaSbg.ogsNo.o15, GaPg 970N 021 and the semiconductor of bulk GaP.

With the aid of a diamond anvil cell, the pressure induced shifts of these dilute
nitrides were measured by an in-house system that contained either a Renishaw or a 1
metre Spex spectrometer. Three different light sources were available allowing the
possibility of using four different excitation wavelengths to study the samples. The
emitted wavelengths were 325nm and 442nm from a Helium-Cadmium laser, 514nm
from an Argon laser and finally a 623nm emission from a Helium-Neon laser.

Raman scattering measurements form each sample are presented in their own
chapter, allowing an in depth discussion to be achieved. The first of the result chapters
is that of the group III-V semiconductor GaP. It was discovered during a literature
review on Raman studies of GaP,.(Nx samples that the phase transition (I-II) of GaP has
not been observed using Raman scattering. This presented an excellent opportunity
allowing pressure induced shifts of the TO and LO phonons of GaP to be measured and
the determination of the Griineisen parameters. The phase transition (I-II) was observed
near to 24.5GPa while the Griineisen parameters were calculated to be 1.12 and 0.98.

The next chapter presents the study of the dependence of the vibrational
spectrum of GaPg979Nogg21 up to 20GPa. The zincblende optical phonons of the ternary
alloy show great similarities to those found in the binary GaP. Results show no
significant changes to the phase transition, the linear fit parameter or to the Griineisen
parameters for the GaP-like modes. Further studies were performed on the local
nitrogen mode frequency in GaPyg79No 21 up to LOGPa. The pressure induced shift was
found to be considerably larger than the phonon modes in GaN which indicates that the
local mode does not show a GaN-like behaviour under pressure.

A similar study to GaPgg7oNoo21 was performed on the GaSb dilute nitride
sample of GaSbgossNoo1s. The optical phonons of the GaSb-like modes were studied
under pressure up to 7.5GPa providing calculations on the linear fit and Griineisen
parameter showing that within the experimental accuracy, there is no significant change
in the pressure behaviour of the GaSb-like phonons due to nitrogen incorporation. The
local vibrational mode of the nitrogen atoms was also studied and again the parameters
were calculated to be larger than those for GaN, indicating that the GaN-like mode does
not show a GaN-like behaviour under pressure.

Finally, the last chapter presents Raman measurements on the dilute nitride of
InSb. This sample had the least nitrogen content so detecting the local mode would be
more difficult. As it proved, measurements were found to be inconclusive due to the
signal being too weak when being observed in the diamond anvil cell. However, the
InSb-like phonon modes were observed under hydrostatic pressures and showed that
nitrogen has little influence on the pressure behaviour of the host phonon modes of
InSb.
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Chapter 1 Introduction

Chapter 1: Introduction

1.1 Introduction

Silicon is the classical semiconductor material that has been developed and extensively
used for more than 50 years. Even today, it is the base material that still dominates the
microelectronic industry and the semiconductor market. In the past twenty years a new
market has developed in the form of optoelectronic devices and more recently, more
energy efficient devices. These devices started initially with semiconductor group II-V
compounds in the form of GaAs, AlAs, InP and GaP [1-4] however they are limited to
infrared and green wavelengths. For example phosphorous based semiconductors are
ideal for red and green light emission while arsenic based semiconductors are used in
infrared detectors.

One of the great technological challenges in recent years has been the extension
of this range into the blue and ultra violet (UV) regions of the visible spectrum allowing
semiconductors to emit and detect the three primary colours. This would have a major
impact on the fabrication of graphic and imaging applications with the development of
solid state lighting and displays. One solufion is the group III-V nitrides of GaN, AIN
and InN [5-7] which have been for many years considered as a promising material and
are now being used in commercial blue LEDs and lasers [8-9]. As a result, in the past
fifteen years there has been a phenomenal increase in the research of IIl-nitride
semiconductors, due to their technological importance and far superior material
properties.

Unlike their group III-V cousins these nitrides have wide direct bandgaps
covering the energy range from 0.7eV for InN to 3.4eV for GaN and upto 6.2eV for
AIN [10-12]. These wide bandgaps are ideal for high temperature transistors and other

specific applications such as high frequency and high photon energy optical devices.
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Chapter 1 Introduction

Over the past 10 years, a new type of semiconductor has been developed in the
form of dilute nitrides. These dilute nitrides involve the incorporation of small amounts
of nitrogen into a group V lattice structure resulting in a decrease in the bandgap [13].
By varying the amount of nitrogen being added, it will be possible to grow narrow
bandgap epilayers which would lead to optical devices emitting in the 1.3 to 1.55pm
emission range [14].

These materials include ternary and quaternary alloys in the form of Gai.
yinyNxAsi.x to produce semiconductors such as GaNi.xAsx, InN[.xAsx and InNi.xSbx
Figure 1.1 shows bandgaps for several dilute nitrides in relation to pure nitrides and
semiconductors. Bandgap bowing, as it is known, is indicated by the dashed line on the
graph below and highlights how the bandgap varies with nitrogen incorporation.
Devices fabricated from these new nitrides have the potential for thermal imaging and

photovoltaic devices [15] while a number of solar cells have used dilute nitrides in their

fabrication [16].

GaN

30

25
0
w

GaAs

CL
'il > GaN.A:
© InN GaSb

05 A

00

-05

50 55 60 65

Lattice constant a (A)

Figure 1.1: Bandgap vs lattice constant for a number of III-V semiconductors
and their nitrides. The dotted line highlights the change in bandgap size when the

amount of nitrogen is varied.
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Chapter 1 Introduction

1.2  Historical development of group III-V dilute nitrides

Developments in dilute nitrides have only recently started to gather pace within in the
past 10 to 15 years due to improvements in growth techniques and through research in
pure nitrides such as GaN, AIN and InN. The first initial interest in nitrides was when
GaN was first synthesised in powder form in 1938 by Juza and Hahn [17].

However it was not until 1969 when the idea of using semiconductors as part of
device applications was taking off when Maruska and Tietjen [18] were able to deposit
large areas of GaN film layers onto a sapphire substrate. This involved a chemical
vapour deposition technique called hydride vapour phase epitaxy (HVPE) to produce
GaN in epitaxial form. These early forms of GaN films had a number of undesirable
features including a large concentration of electrons due to background doping. This
resulted in a conducting n-type material even though they were not deliberately doped.
However, this prevented the growth of p-type materials and, due to no suitable
substrates being available, interest soon diminished.

High quality epitaxial group III nitrides were achieved with the introduction of
various growth methods, the most successful being molecular beam epitaxy (MBE) and
metal organic vapour phase epitaxy (MOVPE). Yoshida et at in 1983 [19] were able to
grow a buffer layer of AIN in between the sapphire substrate and the GaN film while in
1988 Amano et al [20] were the first to succeed in fabricating p-type conductivity in
GaN.

Once these breakthroughs were achieved, there was a rapid increase in
developments throughout the 1990’s from the first p-n junction GaN LED in 1989 [21]
to the first layered structures of InGap  N\GaN in 1993 [22]. 1996 saw the first
demonstrations by Nakamura et al [23] of the first InGaN LED and laser diodes
emitting blue and green emissions. Nakamura’s work truly reignited interests in dilute
nitrides as the problems with substrate mismatch and p-type doping were over.

The first step towards dilute nitrides was in 1992 when Weyers et al [14] made
an unexpected discovery. They found that by incorporating small amounts of nitrogen

to GaAs, there was a rapid reduction in the bandgap energy resulting in a red shift
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Chapter 1 Introduction

emission. They also discovered that the reduction in energy per atomic percentage of
nitrogen was more than ten times greater than the typical increase in other
semiconductor alloys.

Kondow et al [24] were the first to publish results on a new quaternary alloy in
the form of Ga;.yInyNAs .« which allowed independent control over the Ga:In and N:As
ratios. It was shown that by increasing the Ga:In ratio, the bandgap would decrease
while the lattice parameter would be increased. For the N:As ratio, if this was increased,
a decrease in the bandgap would occur too but the lattice parameter would also
decrease. This meant that the quaternary alloy allowed the flexibility of tailoring the
bandgap and lattice parameter, opening up a wide range of applications.

A 1.3um laser emission was achieved by Nakamura in 1998 [25] and in 2000 the
emission wavelength was raised to 1.515um by Fischer et al [26]. The problem with
early dilute nitride lasers was their high thresholds and low scope efficiencies compared
to nitrogen free lasers.

Alloying nitrogen to ternary and quaternary alloys is not restricted to arsenide
but can also be incorporated with antimonies. Research in InSb,.«Ny nitrides has lead to
the cut-off point wavelength being achieved from 7um at 300k to 8-12um at the
atmospheric transition band [28].

To date, despite their promising applications and encouraging experimental
results [29] very little is known about the physical properties of these dilute nitrides.
One main factor is the difficulty of incorporating nitrogen into the structure while
maintaining good quality optical samples. Therefore much research has yet to be
undertaken to understand growth, composition and annealing conditions.

A full understanding of the band structure of such dilute nitrides is still not
known while fundamental electronic interactions, the effects on localised nitrogen states

and the mechanism for light emission in these materials are yet to be fully understood.
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Chapter 1 Introduction

1.3  Historical development of Raman spectroscopy

Raman spectroscopy is a powerful tool for the investigation of molecular vibrations and
rotations. The Raman effect was first discovered by the Indian physicist

Chandrasekhara Venkata Raman on the 28"

February 1928 simulitaneously with two
Russian physicists G.S Landsberg and L.I Mandelstam. Raman with his assistant K.S
Krishnan made their discovery in Calcutta, India while searching for an optical
analogue of the Compton Effect. This investigation was based on Raman’s previous
work in 1922 when he observed the depolarisation of water as a function of wavelength
and from his interest of light scattering in liquids. During a trip to Europe in 1921
onboard a steam liner, Raman became fascinated by the colour of the Mediterranean
Sea. Back in India he started his light scattering experiments with liquids as the
phenomenon was already predicted theoretically by Smekal, Kramers and Heisenberg.

In the experiment that resulted in the discovery of the Raman Effect, Raman
used the most powerful light source available at the time, the sun. He focused the
sunlight using a telescope to produce an intense beam that passed through a green filter
creating a beam of green light. By passing the green light through a yellow filter,
Raman observed the light as it interacted with a solution of liquid benzene. He could see
that a weak yellow light was being emitted from the solution and instantly knew that
this was the light phenomenon he was seeking. The new phenomenon was the inelastic
scattering of light due to the interaction of green light with the benzene molecules
causing the energy of the emitted photons to be shifted into the yellow part of the light
spectrum [27]. This was viewed as frequency shifted lines upon a spectrum and due to
the relative high intensity of the polarised scattered light, Raman could rule out the
possibility of fluorescent radiation.

Raman published his work in the journal Nature on the 31% March and 21% April
1928 [28] while Landsberg and Mandelstam article appeared in the Die
Naturwissenschaften on the 6™ May 1928. Their work involved the use of pure quartz to
study Einstein’s and Debye’s theories of the specific heats of solids. They concluded

that when the frequency of light is scattered by a crystal, it would not only be scattered
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by the Debye elastic waves acting as a grating but would also experience a frequency
shift caused by the elastic waves propagating at the velocity of sound. At the same time
as Raman first noticed the Raman Effect in his studies, Landsberg and Mandelstam
noticed that the frequency shift in quartz was different to what they expected but were
unconvinced by their findings. It was not until Raman published his first article in
Nature that the Russian scientists realised they had observed the same new

phenomenon. In their article they wrote

“At this moment, it is not possible for us to judge if, and to what extent, there exists a
relation between the phenomenon observed by us and that for the first time shortly

discussed by Raman, because of the brevity of his description”

This short remark by Landsberg and Mandelstam [29] was an acknowledgement
of Raman’s work which was one of the main reasons why the Noble prize for physics
was awarded to Raman in 1930 and, consequently, the phenomenon being named after
him. The Noble prize committee didn’t believe that they obtained their work
independently while Raman had more nominations; the committee felt that Raman’s
studies involving solids, liquids and gases established the universality of the effect.
Even though some people were sceptical with his results, a number of other physicists
accepted Raman discovery such as Sommerfeld while Pringsheim repeated Raman
experiments successfully.

Today, Raman spectroscopy is much more sophisticated and simpler to measure
due to a number of technological advances. In the pre-laser era, the main drawback was
an insufficient intense radiation source however with the development of lasers this has
changed. From using sunlight to lamps made from cadmium, helium, thallium, bismuth,
lead, mercury and zine, lasers provide an intense monochromatic chromatic beam. This
beam can be concentrated on to a small area with a small energy spread and being so
powerful, it is over one million times more intense than sunlight.

The second major technological advancement was the development of detectors

to record the scattered light. Initially, photographic plates was used to record the Raman
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spectrum however this was time consuming and very unreliable. Each spectrum would
require huge amounts of time to record the scattered light, ranging from a few hours to
half a day. However the technique was unreliable as the plates would have to be
developed first (not a quick process) to discover if the optics were aligned correctly.

The next step was the development of the photomultiplier tube which was a
sensitive optical transducer that converted photons into electrons. The device was so
sensitive that it could count individual photons and thus allowed the number of photons
at a particular frequency to be counted. The problem of using photomultipliers is that a
whole spectrum could not be taken within a single integration. The increases in
frequency energy were taken in very small steps and so a spectrum could take over an
hour to be completed. These disadvantages reverted people back to the old concept of
using photographic plates but in the form of digital cameras. Cameras known as charged
coupled devices (CCD) were introduced allowing integrated chips that are sensitive to
light and can produce a spectrum in seconds.

Not only has the introduction of lasers increased the sensitivity of Raman
spectroscopy but has allowed the development of new techniques. These include surface
enhanced Raman spectroscopy, Hyper Raman, resonance Raman scattering, stimulated

Raman spectroscopy and coherent anti-Stokes Raman scattering.

1.4  Historical developments of the diamond anvil cell

High pressure studies today are mainly conducted using the diamond anvil cell (DAC)
which has revolutionised high pressure research. However before the introduction of the
DAC into the high pressure research community other techniques and materials were
available to obtain the high pressure required to study the high pressure behaviour of
solids. The generation of high pressure is related to the strength of the material used to
contain the pressure and the technique involved in achieving this. The pressure limit is

set by the compressive strength of the material.
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Designing a piece of equipment to contain the high pressure is one of the main
problems of high pressure research and it was not until the Bridgman era (1910 to 1950)
that this issue was solved. This saw a phenomenal expansion in the knowledge of matter
under high pressures due to P.W Bridgman inventing and developing both the
Bridgman anvil and piston cylinder device [30]. During this time investigations were
mainly conducted for electrical resistance and compressibility measurements up to
10GPa. A major development by Bridgman was the change in materials in constructing
the pressure vessel from hardened steel to sintered tungsten carbide.

During the post Bridgman era in the late fifties and early sixties the piston
cylinder device was further developed allowing the study of high pressures and high
temperatures simultaneously. High pressure research took another step forward with a
number of innovations with the development of the belt apparatus [31] featuring a
combination of both the geometry of the anvil cell and the piston cylinder.

At the same time a new breed of pressure cells were being developed in the form
of multi anvil cells [32]. These cells, or presses as they were known, had an increasing
popularity due to the ability to study phase transitions and material synthesis but also
the ability to hold a relatively large sample. These multi anvil cells could hold half a
cubic centimetre of sample. A number of different types of presses were developed such
as the tetrahedral press designed by Hall, the cubic and octahedral press [33-35].

The popularity of multi anvil cells did not last due to the size and complexity of
the system but also due to the emerging diamond anvil cell. As the name suggests, the
cell contains diamonds as the material to produce the pressure. It has long been known
even during the Bridgman era that diamond was the hardest material know to man but
no-one is quite sure why Bridgman never used it himself within his pressure cells.
Diamond also has the benefits of being transparent to a large range of wavelengths,
ideal for Raman, x-ray and infrared spectroscopy.

It was not until 1950 when Lawson and Tang [36] were the first to employ
diamond as the containment of pressure in a piston cylinder setup. This was forgotten
until 1959 when two independent and different versions of the DAC came out. Jamieson

et al [37] at the University of Chicago developed a clamp type cell that used a 90 degree
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configuration (light beam normal to the stress direction) while Weir et al [38] (at the
National Bureau of Standards) adopted the 180 degree geometry (light beam coincident
with the stress axis). This was due to both groups’ initial intentions with Jamieson’s
interest in high pressure x-ray diffraction while Weir’s was in infrared transmission
measurements. The Weir setup also used a spring loaded lever arm system for applying
the pressure and, with the cell, these have become essential features of the DAC.

Since 1959, the DAC has evolved from the original Weir setup into a fine
quantitative tool for high pressure research. Since that day, a number of developments
and innovations have enhanced the reputations of the DAC. These are the introduction
of the metal gasket technique [39] for the generation of hydrostatic pressures, the
discovery of the ruby fluorescence technique for pressure calibration [40-42], the
development of the pressure scale based on the ruby line shift and the introduction of a
new pressure transmitting medium [43]. All these developments were pioneered by the
group at the National Bureau of Standards (NBS) while the DAC used in these studies
was first developed in 1978 by Mao and Bell [44] at the Geophysical Laboratory in
Washington. The Mao and Bell cell is based on the NBS cell by Piermarini and Block
[45] (1975) and can exceed pressures of 100GPa.

1.5  Thesis outline

Over the past few years dilute III-V antimonide and phosphide nitrides, due to their
potential for reduced cost and increased performance in LW (long wavelength) and FPA
(focal plane arrays) applications, have become a new area of research. This interest is
due to developments, primarily in the experimental and theoretical side of the work.
These ternary Ga-N-V and In-N-V alloys have received attention from a number of
theoretical and experimental studies on the bandgap borrowing and structural properties
including strain and lattice perfection [46].

The introduction of a small percentage of nitrogen in these studies has seen an

alteration in the bandgap so that it is smaller than the associated binary materials [47].
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Similar studies in dilute arsenide nitrides, which have received much more attention,
show that the substitution of nitrogen into arsenic sites reduces not only the bandgap but
the lattice constant as well. These alloys have an optical fibre wavelength range of 1.3
to 1.55um while the lattice matches that of GaAs [48].

It is also predicted that for InSb and GaSb the response wavelength moves
towards the infrared regions of longer wavelengths when a small percentage of nitrogen
is added [49]. A possible reason for this is due to the electronegative mismatch between
antimony and nitrogen. Compared to other combinations of group V elements the
bandgap reduction is expected to be greater in antimonide nitrides.

A recent review by Vurgaftman and Meyer [50] highlights the very little
attention that has been given to Ga-N-V and In-N-V alloys and the lack of experimental
results. Efforts to correct this have come from the collaboration between the research
groups at QinetiQ Ltd and the University of Surrey which has closely looked at the
theoretical bandgap bowing model, band anticrossing, and growth techniques [51] to
increase nitrogen content and improve material quality of dilute III-V nitrides. Similar
research has been conducted by Klar and Glingerich [52] from the Philipps University
in Marburg, Germany into the study of vibrational properties of GaAs; Ny under
hydrostatic pressures. Working in collaboration with these physicists, I have been able
to work in this area for my PhD thesis.

I have tried to highlight in the above statements that the incorporation of
nitrogen into group HI-V alloys not only strongly modifies the band structures of these
semiconductors but also changes their optical properties. Kent and Zunger [48]
proposed that the nitrogen forms isoelectronic electron traps which persist at localised
states up to a few percentage of nitrogen. These localised states on the global electronic
propetties of the alloy have been found to depend sensitively on the local environments
of the Nitrogen atom:.

One method to observe these impurities in ternary alloys is the study of their
vibrational properties using known optical characterisation techniques such as Raman
spectroscopy. Raman spectroscopy is a versatile standard optical characterisation

technique which is non-destructive, contact-less and requires little or no special sample
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preparation such as thinning or polishing. Raman scattering is ideal for studying the
phonon properties of crystalline materials and other aspects such as lattice, electronic
and magnetic properties.

Previous work by Buyanova et al [53] highlights the observation of a local
vibrational mode (LVM) of nitrogen at room pressure. By studying the LVM of
nitrogen over a range of high pressures with the aid of a diamond anvil cell, it will
provide a powerful tool for obtaining information about the influence of nitrogen
incorporation on the crystalline structure and about the local nitrogen environment. This
will be the basis of my thesis.

Chapter 2 introduces the basic concepts of group HI-V dilute nitrides, high
pressure and Raman scattering. This covers the basic crystal structure, space groups and
quantum structure. The chapter then discusses the effect of nitrogen incorporated into
dilute nitrides and how it can be studied by observing the local vibrational mode due to
lattice vibrations. The diatomic model, phonon dispersion curves, overtones and phonon
density of states are discussed before going on to explain the different optical processes
(Raman) that are used in this thesis while quickly covering other optical processes in
semiconductors. The effect of applying pressure to sample is discussed and how by
measuring the vibrational properties leads to the determination of the mode Griineisen
parameter and anharmonicity of a bond between atoms.

Chapter 3 talks about the experimental details employed in this thesis, especially
the use of Raman spectroscopy and the diamond anvil cell. The chapter also discusses
sample characteristics and how they were prepared for studying.

The next chapters (4 to 7) are the results section of the thesis, starting with bulk
GaP. In chapter 4, the Raman scattering measurements of GaP under hydrostatic
pressures up to 30GPa are presented. The measurements allow the phonon modes of
GaP to be observed under pressure using Raman scattering for the first time. From these
pressure induced Raman shifts, the mode Griineisen parameter and anharmonicity of
Ga-P bonds are calculated and compared to existing data for GaN and GaAs.

Chapter 5 is the first of three chapters that studies dilute nitrides. For this

chapter, the sample is GaP, Ny where a small percentage of nitrogen (N) atoms have
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been substituted into the GaP lattice. The effect of nitrogen incorporation in the crystal
structure is measured by its vibrational properties which are studied under hydrostatic
pressures using Raman scattering. The pressure induced phonon modes and the local
vibrational mode of nitrogen are measured and compared to those measured in chapter 1
to assess if the incorporation of nitrogen behaves in a Ga-N-like way. Overall the mode
Grlineisen parameter and anharmonicity are calculated.

Chapter 6 is the dilute nitride of GaSb,.«\Ny and similar measurements are taken
of the vibrational properties as in chapter 3 and 4. Previous Raman measurements under
pressure have been taken for its group III-V semiconductor which allows a perfect
opportunity to study the GaSb,.Ny local vibrational mode and assesses the impact of
nitrogen substitution.

Finally chapter 7 is the dilute nitride of InSb,.Nx. Very little experimental work
has been carried out on this type of dilute nitride due to the lower percentages of
nitrogen that can be incorporated into the crystal structure. Due to this difficulty in
present day growth techniques, the use of Raman scattering to measure the optical
phonon modes presents an excellent opportunity. The results from this study including
the mode Griineisen parameter and the shift in phonon modes of InSb, <Ny are presented

here.
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Chapter 2: Theory of dilute nitrides under hydrostatic

pressure and Raman scattering

2.1 Crystal structures

A crystal is a finite regular arrangement of atoms in space which have an infinite
number of unit cells which can be repeated to make up a highly ordered structure. This
structure consists of a number of lattices that have an infinite array of points in space,
arranged so that every point has an identical surrounding. Therefore crystals are

categorised by their crystal structure and the underlying lattice. This is known as

Bravais classification.

W
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Hexagonal 1 a =a,#a;,=F=90",y=120 e

Table 2.1: Bravais lattices for three dimensional crystals.
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In three dimensional structures, Bravais lattices consist of fourteen lattices in
seven different types of cell. These cell groups are given in the table 2.1 which also
shows the conditions required for each lattice to occur.

Of these lattices, a large number of semiconductor materials have cubic
structures in the form of body centred cubic (bcc) and the face-centred cubic (fee).

Figure 2.1 shows these cubic lattices as well as the simple cubic structure.

(a) (b) (©)

Figure 2.1: The simple cubic (a), the body-centred cubic (b) and the face-centred cubic

(c) lattice.

For the case of Gallium Nitride (GaN), this is a wurtzite structure, constructed
from two interpenetrating hexagonal closed packed structures shown in figure 2.2. It
shows that the Ga atom is tetrahedrally surrounded by four nitrogen atoms which forms

covalent tetrahedral bonding.

31



Chapter 2 Theory of dilute nitrides under hydrostatic pressure and Raman scattering

r Y

Figure 2.2: Zinc-blende crystal structures represented as a cubic cell (a) and hexagonal

cell (b) while (c) is the wurtzite crystal structure [1].

Dilute nitrides materials are of great interest in this study. When pressure is
applied to the samples, their structures will change by going through phase transitions.
This results in a new structure being formed where the transitions are either termed
“reconstructive” in cases where the bonds are broken and reformed to create new
structures or “displacive”. Examples of reconstructive transitions are the fourfold
coordinated insulating phases which are stable at normal room pressure but change to a
sixfold coordinated metallic phases under pressure [2]. Displacive transitions are those
by which the position of the atoms changes by fairly small amounts.

All II-V compounds (including dilute nitrides) have been the subject of
pressure studies using high-pressure devices over recent years and so information about
their phase transitions is well known. Table 2.2 highlights the crystal structure of these
group III nitrides before pressure is applied and the structure once it has been through

their first phase transition. A combination of these semiconductors (where the amount
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of nitrogen is only a few percent) with other III-V materials produces ternary Ga-N-V
alloys (GaP;_«Ny, GaSb.«Ny, and InSb,_«Ny). Studies in this thesis have been carried out
to see how this small percentage of nitrogen has an affect on the pressure dependence of
lattice dynamic properties and how this relates to their underlying crystal structure such

as bond strength.

Semiconductor material

Structure before first

phase transition

Structure after first

phase transition

GaN Wurtzite Cmem
GaP Zinc-blende Cmem
GaSb Zinc-blende p-tin
InSb Zinc-blende s-Cmcem

Table 2.2: Crystal structures for different group III-V semiconductors before and after

phase transition. The space group Cmcm is an orthorhombic crystal structure [1].

2.2  Space groups

There are 230 unique space groups which are a result of combining 7 crystal systems
with 14 Bravais lattices, 32 point groups, screw axes and glide planes. A space group is
a group of symmetry operations that are combined to describe the symmetry of a region
of 3 dimensional space. In space groups, symmetry elements do not have to intersect at
a single point unlike in point groups where all symmetry elements pass through one
point in the object.

A space group is designated by a capital letter which identifies the lattice type
followed by a point group symmetry symbol. Further symbols represent the rotation and
reflection elements in the screw axes and glide planes. The Cmcm structure is one of
these space groups whose crystal system is a based-centred orthorhombic. The space

group is also centrosymmetric and can be understood as a distortion of the NaCl
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structure. These distortions consist of (a) a shearing of alternating (001) planes in the
[010] direction, (b) a puckering of the [100] atomic rows of NaCl in the [010] direction
and (c) an orthorhombic adjustment of the cell [1].

The Cmcm structure can be seen in figure 2.3 along side the NaCl structure so
that comparisons due to distortions mentioned above can be made. A closely related
structure to Cmcm is that of s-Cmem (super-Cmcm). This structure is observed at high
pressures in InSb and the difference between the two is the number of shearing planes
involved in the distortion. In Cmecm, two planes are involved while for s-Cmcm there
are six resulting in the s-Cmcm structure being three times as long in the z direction as

Cmcem.

Figure 2.3: NaCl (left) and Cmcm (right) crystal structures.
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2.3 Quantum structures

Modern crystal growth techniques have made it possible to grow narrow layers of
semiconductor material that are able to contain the motion of carriers (electrons and
holes) in a one dimensional (1-D) confinement. These are known as heterostructures
that involve layers of different semiconductor material being grown upon each other
during epitaxial growth. As properties of semiconductor depends on growth material, by
altering the design of the structure such as layer thickness, composition and carrier
confinement, we are able to grow quantum well structures.

Esaki and Tsu in 1970 first proposed that using growth methods such as
molecular beam epitaxy, heterostructures could be fabricated and if the layers were thin
enough, quantum confinement effects would arise [3]. The simplest semiconductor
structure that can be grown is in the form of a single crystal such as an epitaxial layer of
GaN while in heterostructures, at least two different bandgaps are used.

As carriers (electrons and holes) propagate in a narrow bandgap semiconductor,
their motion is perpendicular to the heterointerfaces and so is quantised. This leads to a
number of discrete energy levels being allowed in the conduction and valence bands,
thus modifying the band structure. These energy levels and device characteristics can be
altered by varying the thickness and composition of the materials during growth leading

to new devices.

2.4  Nitrogen incorporation in dilute nitrides

When a fraction of the host anions is replaced isoelectronically by nitrogen anions, the
substituting anions act as strong local perturbations of the host material [4]. This is due
to large differences in the size and electronegativity between the nitrogen atoms anions
and the host anions. This behaviour is described by the term isoelectronic impurity.

The incorporation of nitrogen into III-V semiconductors has only become

feasible in recent years due to improvements in growth techniques. By increasing the
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concentration of nitrogen from doping levels by a few percent, this results in a dramatic
change in the band structure. With increasing nitrogen content, strong perturbed host
states and localised clusters states of the nitrogen impurity coexist in the conduction
band. The strong local perturbation due to nitrogen disturbs the translational symmetry
of the crystal structure giving rise to a large degree of disorder.

In GaAs;xNy studies by Klar et al [5] it was shown that these nitrogen cluster
states are formed with energies below a single nitrogen level. The phonon replicas of
the nitrogen modes extend into the bandgap and can be clearly seen with Raman or PL
spectroscopy. These optical techniques also show no change in the bandgap of the host
atoms indicating that nitrogen has no effect on the host atoms.

To help us understand and observe changes in the local nitrogen environment,
Raman spectroscopy is a useful tool that can be used to study the local vibrational mode
of the nitrogen atom. In conjunction with this, the use of pressure induced experiments
allow us to observe changes in the band structure of these dilute nitrides. This will help
to answer the question of whether band structure concepts such as the definition of band
effective masses (which rely on translational symmetry and crystal periodicity) are
applicable to dilute nitrides. If not, do we consider these nitrides to have an amorphous

character and thus is a new unified description required?

2.5 Lattice vibrations in semiconductors

As a semiconductor lattice vibrates, atoms which are not fixed in space vibrate
collectively as modes that propagate throughout the material. Such propagating modes
can be considered as a wave where interactions between atoms produce lattice
vibrations that have quantised energy levels. These quanta of vibration are known as
phonons and can interact with photons, electrons and neutrons when momentum is
involved (see optical processes). Phonons do not have any momentum as the centre of

mass in a crystal does not change its position under vibrations.
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If atoms of the same type interact with each other, the vibrations are called
acoustic phonons and can be either transverse (TA) or longitudinal (LA) waves. When
different types of atoms interact, these vibrations are called optical phonons and again
are in the form of transverse (TO) or longitudinal (LO) waves. Acoustic phonons
correspond to sound waves in the lattice whose frequency becomes small when their
wavelength is large. Where as optical phonons have a minimum frequency of vibration
even when their wavelength is large.

Optical phonons are so called because they easily interact with light due to
positive and negative ions at adjacent lattice sites vibrating against each other creating a
time-varying electric dipole moment. Optical phonons interacting in this way are called
infrared active while phonons that are Raman active interact indirectly with light (see
section on Raman scattering).

Optical phonon modes in ternary semiconductors will exhibit one of three
different behaviours, either a “one-mode”, “two-mode” or a “one-two-mode”. A one-
mode system (Figure 2.4a) is so called because the appearance of a Raman spectrum
will exhibit one set of vibrational optical phonon modes. This mainly occurs in the
majority of I-VII alloys while for the majority of III-V alloys, a two-mode behaviour
(Figure 2.4b) is present. These exhibit two distinct sets of optical phonons whose
frequencies are characteristic to each binary material and whose intensity is roughly

proportional to the respective concentration.
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Finally a one-two-mode is when a system exhibits a single mode for part of the
concentration range with two modes appearing over the rest.

In figure 2.4b the term “local mode” is of great importance to work in this thesis
as it arises when considering interactions on the lattice vibrations that is localised in real
and frequency space. This results in a vibrational frequency that will lie above the
lattice phonon frequency range. An example of this is when a host atom is replaced by
an impurity atom and is discussed in greater depth in section 2.9.

An example of a two-mode behaviour in a mixed III-V semiconductor material
has been presented by Cherng et al [7] who has used Raman scattering to observe the
behaviour of long-wavelength optical phonons in GaP and GaSb. These real binary
materials are of interest to this thesis and their optical phonons (LO and TO) are shown
for various values of x in figure 2.5a.

For a dilute nitride such as GaP, Ny (Figure 2.5b) it has been reported by
Buyanova et al [8] that this ternary semiconductor also exhibits a two-mode behaviour
(for nitrogen concentration less than 3%), observing a GaP-like and GaN-like optical
phonon modes. All data points in figure 2.5 represent experimental data collected by the

authors while solid curves show theoretical results.
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Figure 2.5: Long-wavelength behaviour of LO and TO mode frequencies in GaP\GaSb
mixed crystal (a) and GaPy Ny (b).
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2.6 Diatomic atom model

The diatomic model is used to quantitatively describe the phonon frequencies and
frequency shifts of various local vibrational modes. In this model, an impurity such as
nitrogen has a mass (m) which is attached by a spring k to a host atom of mass M. Thus

the vibrational frequency of the diatomic molecule is given by

w= k[Lﬂ—L} =\/E Equation 2.1
V XM m U

Where the mass of the atom is multiplied by an empirical constant ¥ to account for the
vibrations of other host atoms and p is the reduced mass. A diatomic molecule is a
molecule that is made up of two atoms of the same or different elements. The diatomic
atom model can be summarised by a diatomic chain diagram (Figure 2.6) where the
same type of atoms are equally spaced “a” and each diatomic basis is represented by an
integer n. The displacement of the heavier atom from its equilibrium position is denoted
as Uy(t) while for the lighter atom, the displacement is denoted as V,(t). For both atoms,
it is assumed that they oscillate in the same direction in the lattice along the longitudinal

vibration.
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Figure 2.6: Interactions of atoms in a diatomic harmonic crystal structure [9].
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Equation 2.1 allows the possibility of two dispersion relations denoted coHK) and co.(K)
which relates the angular frequency to wavenumber. These can be plotted in the first
Brillouin zone (Figure 2.7) representing the phonon spectrum of a one dimensional

diatomic harmonic crystal.

Optical mode

Acoustic mode

W)

/oK)

Acoustic mode

-n/a -n fa 0

o
=

Figure 2.7: The first Brillouin zone highlighting the dispersion relations of a simple
model (found in most text books) involving a single curve (a) and a more advance \

realistic model which is represented by a number of curves due to LO-TO splitting (b)

The above diagrams arise due to the displacement in which the vibrating modes move
such that both the motion of the LO and TO modes are along symmetrically equivalent
directions. When the wavevector is equal to zero (K = 0) the types of motion become
exactly equivalent. In this case one would expect that the LO and TO frequencies would
be equal as seen in figure 2.7a but this is a simplified outlook on the dispersion relation
which in the majority of situations does not happen. A more realistic diagram is given in
figure 2.7b which illustrates what happens when the wavevector is not zero.

For wavevectors that are close to but not exactly at K =0, optical phonon modes
generate electrical fields that are either parallel or perpendicular to the modes direction
of propagation. This results in having a significant effect on the frequency on these

modes asco = 0>co = oo causing a split in the LO and TO frequencies. This
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phenomenon is known as LO-TO splitting (as shown in figure 2.7b) where 0o > 00
highlighting the fact that when the wavevector is exactly equal to zero it is the only time
when the frequencies are the same.

In addition, figure 2.7 highlights the optical and acoustic branches of equation
2.1. The top curves represents the optical phonon mode for w.(K) while the lower
curves represents the acoustic phonon mode for w.(K). The maximum wave-vector

permitted by the cyclic nature of the chain is when the K = m\a and thus the frequency of

each phonon mode at this point is given by / k(LJ and / k[_]_j :
M m

The diatomic model was first put forward by Jusserland et al [10] in which it was
suggested that due to quantisation, the frequency of the highest optical branch in
superlattices decreases. This model can also be used for dilute nitrides due to the
different forces between atoms which have different mass densities. There are two

important assumptions for the diatomic model [11]. The first being that only

. . I . 1
interactions within 2a of each atom are considered and secondly |K | = K o« — where K
a

is the wavevector and a is the thickness of the layer.

2.7 Phonon dispersion curves and density of states

A phonon dispersion curve is a plot of frequency verses wavevector for lattice
vibrations in crystals used along high-symmetry directions such as [100] or [111] of the
Brillouin zone. Phonons can be classed as transverse or longitudinal according to
whether their displacement are perpendicular or parallel to the direction of the
wavevector K.

Phonon dispersion curves are calculated in two ways, experimentally and
theoretically and are plotted together to see how both calculations compare. For
example the theoretical approach allows one to develop their own unique model by

incorporating known crystal force constants which are obtained by modelling
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interactions between ions in terms of various parameters. These include bulk modulus,
sound velocity and zone-centred phonon frequencies which are adjusted and fitted using
a number of models. Force constant, shell, bond and bond charge are a few examples of
models used to calculate the theoretical curves.

On the other hand experimental data can be used to determine phonon dispersion
curves by measuring phonon frequencies along the Delta, Sigma, Lambda and Z-lines
of the Brillouin zone using Raman scattering. In the case of GaP (Figure 2.8) its phonon
dispersion curves were calculated from experimental data points [12-13] and theoretical
curves from ab initio calculations [14]. Ozolins et al [15] have also been able to
calculate the phonon dispersion curves for GaP using first-principles density-functional

linear-response theory.

Wavenumber ¥ (em")
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Figure 2.8: Phonon dispersion curves (left) and phonon density of states (right) for bulk
GaP taken from [16]. Experimental data points are the open [12] and closed [13]

symbols while the theoretical curves are obtained from ab initio calculations [14].

The phonon dispersion curve for a binary material such as GaP (Figure 2.8) is similar
for other zinc-blende crystals such as GaSb (Figure 2.9a) and InSb (Figure 2.9b) in that
the LO phonon frequency is higher than the TO phonon. The differences in frequencies

are due to the partially ionic nature of bonding in zinc-blende crystals. Taking GaP as
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an example, the P atom contributes more electrons to the bond than the Ga atom
resulting in the covalent bond spending on average more time nearer to the P atoms than
the Ga atoms. This means that the P atoms are slightly more negatively charged than the
Ga atoms which are slightly positive. In addition to this, there is a restoring force
(Coulomb’s) which is present in LO phonons and not in TO phonons that affects the

difference in frequencies.
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Figure 2.9: Phonon dispersion curves (left) and phonon density of states (right) for bulk
GaSb (a) and bulk InSb (b) taken from [16]. GaSb: Experimental data points are
presented [17] while the theoretical curve is obtained from ab initio calculations [18].
InSb: Experimental data points are presented [19] while the theoretical curve is obtained

from ab initio pseudopotential calculations [20].
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The phonon density of states as seen in the right-hand panels of figure 2.8 and 2.9 for
GaP, GaSb and InSb gives the number of states that phonons can occupy per unit
volume of crystal per unit energy. The phonon density of states (P-DOS) helps to
determine the number of phonons with a given wavelength and energy and thus allows
calculations for the specific heat of a crystal and properties of electron scattering and
trapping to be determined. P-DOS can be calculated using equation 2.2 where the

summation is taken from all over the wavevector K and phonon branches n.

g)=y S\ (K)- @] Equation 2.2
Km

Firstly, we need to consider the Debye model which was developed to describe the
observed heat capacity of solids. It relies upon equation 2.1 where the phonon branches
in figure 2.7 are replaced with a longitudinal and two transverse acoustic branches. The

phonon frequencies are given by
n(K)=vn\K\ =vnk Equation 2.3

Where k is the normal \ length of the wavevector K, n is a index (e.g lor t) while V and
vt are the longitudinal and transverse sound velocities respectively. Equation 2.3 gives a

linear line (Figure 2.10) producing a simplification in the phonon dispersion spectrum.

Debye approximation

real phonon
spectrum

0 n/a kn 2n/a

Figure 2.10: An illustration of the Debye model in the phonon dispersion curve.
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The linearisation in figure 2.10 implies that the frequency depends solely on the length
of the wavevector and so some boundary conditions must be changed in this model. In a
real phonon dispersion relation the wavevector range is limited to the first Brillouin
zone. So for the model to be accurate, a Debye wavenumber needs to be introduced so

that the volume of the first Brillouin zone is equal to

67*N
\%

3
kp = Equation 2.4

where kp is the Debye wavenumber and thus corresponds to the Debye frequency wp.
how, =hvk, Equation 2.5

Referring back to equation 2.2, the discrete wavevector K can be considered as quasi-
continuous where the volume is taken into account. A summation is preformed over the

entire values of K in the first Brillouin zone and the P-DOS becomes
4f£V
Z j5  (K)— ol dk Equation 2.6

We can now integrate from 0 to the Debye wavenumber to keep in agreement with the

Debye model. Substituting equation 2.3 into equation 2.6 we get two terms

I‘D

a)k dk Equation 2.7

g(@)= Vj Z _[ Ox- a)]%~ dk Equation 2.8

Letting the variable V,K = x, there is a non-zero solution only if a wavenumber k

between 0 and K such that x = v, and k = .
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2
glw)= ‘;2 Z% for 0fw=sw,

2
Equation 2.9

g(w)=0 for w, <w

Remembering that in the Debye model, there are three acoustic modes, we get a value
for the P-DOS.

WV
)= YN for 0<w<w,
0
Equation 2.10
g(@)=0 for @, <w

Where Equation 2.11 is the inverse average sound velocity.

! L1 + 2 Equation 2,11
T = | T uation 4.
ve 3ly) v 4

The phonon density of states in relation to the Debye model using equation 2.10 can be

illustrated in figure 2.11.

2 8(w)

Wp

Figure 2.11: This diagram illustrates the change in P-DOS with increasing frequency

until it reaches the Debye frequency when it drops to zero.
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Figure 2.11 shows that the P-DOS follows a parabolic curve which suddenly drops
when the Debye frequency is reached. After this point the P-DOS is equal to zero.
Although the Debye model is a simple approximation, the choice of Debye
wavenumber ensures that the area under the curve is the same for the real curve of the
P-DOS.

A P-DOS clearly applies to a one-mode behaviour but as stated in section 2.5
group III-V semiconductors exhibit a two-mode behaviour. In this case, a two-phonon
density of states is applicable and is obtained from a P-DOS curve based on the phonon
dispersion curves but twice the phonon frequency. The two-P-DOS can then be
compared with the linear combination (I's+4I12) part of a two-phonon Raman spectrum
which has been divided by the factor [N(w) + 11* where N(w) is the Bose-Einstein
occupation number of the phonon modes with frequency . This eliminates the effect of
the phonon occupational number resulting in a comparable comparison between the two

spectra. A two-phonon density of states can be defined as

D, (k)= Z Oty 5o, — w, - w,) Equation 2.12
koks

Summing over the combinations of k, and ks (Figure 2.12) that satisfy momentum and

energy conservation with k; (where k is the wavenumber)

1 L

1
k
w/a ky O ky kpm/a

Figure 2.12: A schematic picture to illustrate the spontaneous decay of a longitudinal

phonon at point A into two transverse phonons considering momentum and energy.
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2.8 Overtones

Often in spectra there are features that can not be assigned or be identified as first order
Raman peaks. These peaks are approximately twice the frequency of a phonon mode or
close to the sum of two modes. These are known as overtones or combination bands and
their presence in the Raman spectra can be explained by the Morse curve.

A molecule consists of a series of electronic states each of which contain a large
number of vibrational and rotational states. To illustrate a molecule's typical ground

electronic state a simple sketch known as a Morse curve can be drawn (Figure 2.13).

i) max

u=0

Intemuclear separation (r)

Figure 2.13: A typical Morse curve for an electronic state showing the vibrational states

as horizontal lines.

The curved line represents an electronic state of a molecule comparing the energy (E) of
a system with increasing internuclear separation (r). At large separations the atoms are
essentially free and are attracted to each other to form a bond. If they approach too
closely, the nuclear repulsion force causes the atoms to be repelled from each other
resulting in a rapid rise of the molecule’s energy (as shown). The lowest energy is thus

the length of the bond but not every energy is possible since the molecules will be

48



Chapter 2 Theory of dilute nitrides under hydrostatic pressure and Raman scattering

vibrating. In addition the vibrational energies which are quantised also have to be taken
into account and these vibrational states are represented as horizontal lines.

The Morse curve in figure 2.13 refers to just one vibration where v = 0 is the
ground state and v = 1 is the first vibrational state. Above this (v = 2, 3, 4, 5) are states
which required energy that is approximately but not quite exactly two times, three
times, four times etc the energy required by the molecule to jump from its ground state
to the first vibrational level. When the energy change is greater than one quantum the
peak obtained in a Raman spectrum is known as a overtone (Figure 2.14).

In addition to overtones, combination bands can also be present where the
energy of one vibrational level combines with another (e.g involving one optical
phonon with an acoustic phonon). In both cases, overtones and combination bands are
very weak and only appear in certain circumstances. If all this information was added
onto the Morse curve, it would become very crowded and complex. So it is simpler to

show all the levels for one vibration or one vibration level for each vibration.
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Figure 2.14: A sketch to highlight multiple LO phonon excitations (overtones) that

could be present in a Raman spectrum.
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2.9 Local vibrational mode

The substitution of impurities into a host crystal, whose masses are significantly less
than the masses of the host atoms, not only affects the electrical properties of a crystal
but also causes a modification in their vibrational characteristics. The addition of these
impurities introduces new energy levels into the bandgaps while the translational
symmetry of the host lattice is destroyed. This gives rise to new vibrational modes that
have a higher \ greater frequency than the vibrational modes of the host crystal.

Vibrational spectroscopy of these high frequencies has become an important
probe into the detection of defects in solids, often providing information about the
defect structure and properties that can not be obtained by other methods. The
phenomenon is only restricted to impurities that are significantly lighter than the host
atoms but nevertheless it is an important limitation.

In terms of dilute nitrides, properties of an III-V semiconductor can be improved
by adding impurities to the structure, such as adding nitrogen to GaP or GaSb to create
GaP . «Ny or GaSb,(Ny. The effects of substituting nitrogen into the crystal lattice can
be observed through their local vibrational mode (LVM). The LVM occurs due to the
nitrogen atom being lighter than the host lattice atom resulting in an atomic oscillation.
This oscillation may be induced in a limited range around the nitrogen impurities and so
the vibration becomes highly localised around the nitrogen site.

LVM are so called because of their spatial localisation of vibrational energies
while the number of LVM seen in a spectrum depends on whether the impurity forms a
complex with a second impurity or with an intrinsic defect. The local masses and force
constants are modified resulting in the formation of two of three new LVM lines
depending on the reduction in the local tetrahedral symmetry.

Local vibrational modes can not propagate through the lattice and so only the
impurity and its nearest neighbours will have significant vibrational displacements.
Such vibrational modes will have a frequency greater than the maximum lattice
frequency wmax provided that the local force constants are similar or greater than those

of the host. As force constants depends on the local bonding, a nitrogen donor atom in

50




Chapter 2 Theory of dilute nitrides under hydrostatic pressure and Raman scattering

GaP occupying a Ga-lattice and bonded to a P-neighbour will have a different
vibrational frequency from that of a N donor atom occupying a P-lattice site bonded to a
Ga-neighbouring atom.

A bonded substitutional impurity in a compound semiconductor such as GaP is
shown in figure 2.15 highlighting a simple two-parameter Keating cluster model [21]
used to study the LVM of a light impurity. The model involves host lattice bond
stretching force constants (a) represented as lines and angle bending constants ((3)
between adjacent bonds. Each gives a reasonable fit to the phonon dispersion and the
density of phonon modes. Bonds which are centred on the impurity are given as ¢ and

P’ due to these constants being modified and can be determined by LVM frequencies.

0  Impurity
CM st neighbour
2nd neighbour

« = Bond Stretching
= Bond Bending

Figure 2.15: A two-parameter Keating cluster model representing bond stretching (a)
and bond bending (p) force constants for a substitutional impurity in a compound

semiconductor.

If the impurity is displaced to the right, the neighbouring atoms must clearly move in
the opposite direction so that there is no movement of the centre of mass. As
displacement in second tier neighbours has been found to be negligible then the LVM

angular frequency (OLVM is the same as equation 2.1 seen in section 2.6.
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As the LVM is sensitive to the nitrogen local environment due to the formation
of complexes, by observing sharp, narrow but weak vibrational lines by Raman
spectroscopy the shift in peak frequency from nitrogen (isotopic substitution) or
additional perturbations can be resolved. This will provide useful information about the

incorporation of nitrogen on the crystalline structure.

2.10 Optical processes in semiconductors

There are a number of characterisation techniques that can be used to study the physical
properties of materials, each with its own advantages and disadvantages. For
semiconductor characterisation, optical techniques stand out the most due to their non-
destructive process that requires almost no or very little sample preparation time. These
optical techniques include Raman spectroscopy, photoluminescence spectroscopy (PL)

and optical absorption measurements.

2.10.1 Optical absorption

By measuring the optical absorption spectrum, it is the simplest optical technique
available to study the band structure of a semiconductor. In this process, an electron in a
lower energy state absorbs a photon and is promoted up to a higher energy state. There
are a number of absorption processes that can occur but the most common one will be
discussed in this section.

In terms of a semiconductor which consists of bands, an electron in the valence
band absorbs a photon that has an energy which is either equal or greater than that of
the energy gap E,. This process involved the electron being promoted to the conduction
band and thus is called band to band absorption. This transition is shown in figure 2.16

and can occur when the absorbed photon has an energy of Av =2 E,
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As phonons carry negligible momentum p and to conserve momentum,
transitions can only occur when the wavefactor k is conserved. As p =hk for a direct
bandgap only vertical transitions are allowed while for an indirect bandgap the phonon
requires additional interaction. This is either an absorption or emission of a phonon of

energy Ep. For example Eg+ Epor Eg- Ep

Conduction Bond

Valence Bond

Figure 2.16: Band to band absorption.

2.10.2 Optical Emission

When a material is in an excited state, the excess carriers due to optical absorption
recombine to produce an emission of light. This process is known as optical emission
and is the opposite process to absorption. In semiconductor materials, the most common
process is band to band recombination known as photoluminescence. However there are
a number of other optical emission processes which do not occur in this work. These are
excitonic, phonon assisted, free to band and bond to bond recombination that are not
covered in this thesis but can be easily found in other scientific literature. Most optical
processes are by Raman scattering while photoluminescence is used in pressure

measurements using ruby emission peaks.
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2.10.2.1 Band to band recombination

When a semiconductor material is in an excited state, an electron-hole pair exists within
the conduction and valence bands. When the excess electron in the conduction band
relaxes, it recombines with an excess hole in the valence band and thus the excess
energy is given up as a photon. This process is called band to band recombination
(Figure 2.17) and is the most common of all the emission processes occurring in direct

bandgap semiconductors.

Incident Photon

K

Figure 2.17: Band to band recombination.

After the creation of an electron-hole pair by the absorption of a photon and before the
band to band recombination, the electron and hole can experience non-radiatively
phonon emission. This is due to the electron relaxing to a lower energy state in the
conduction band if available and the hole relaxing to the highest available energy state
in the valence band. This will occur before the recombination of the electron and hole
by a vertical transition. As in the absorption process, vertical transitions occur in direct
bandgaps (same value of k) and the emitted photon relates to the size of the energy gap
of the material. This process is known as photoluminescence (PL).

The emitted spectra peaks are narrow due to the emission process occurring at or

very close to the band edge. If the temperature rises the carrier density also increases
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and so recombination occurs from higher energy states. This results in a broadening of
the emission peaks and the creation of a temperature dependant tail towards higher
energies. This is due to a thermal distribution of energies where the carriers relax and so

occupy high energies states, emitting phonons with higher energies than E,.

2.10.3 Raman scattering

The scattering phenomenon known as the Raman effect is observed when incident
photons are scattered inelastically resulting in a change in the scattered photon
frequency. When light encounters the surface of a sample such as a semiconductor,
most of the light is reflected, absorbed or transmitted. However, a small percentage of
this light is scattered, either as elastically or inelastically interactions. The majority of
scattered light is known as Rayleigh scattering where the elastically scattered light has
the same energy or frequency as the incident photon. An even smaller probability than
Rayleigh scattering is where the incident photons interact inelastically with phonon
modes resulting in an outgoing photon whose energy or frequency has been shifted
from the incoming values.

This Raman scattering as it is known, is induced by an excitation in the sample.
The process involves the Raman scattered photon to gain energy by absorbing a phonon
(anti-Stokes shift) or losing energy by emitting a phonon (Stokes shift). Figure 2.18
schematically shows the differences between the incident and scattered photon energies

for elastic and inelastic processes.
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Figure 2.18: Energy level diagrams for Rayleigh (a) and Raman scattering giving either
Stokes (b) or anti-Stokes (c) scattering.

According to energy and momentum conservation rules, Stokes and anti-Stokes
scattering (Figure 2.19) occurs in first order Raman scattering for the following

selection rules:

co = 0 Equation 2.13

k= k Equation 2.14

(o k o k

Stokes anti-Stokes

Figure 2.19: Conservation of momentum in Stokes and anti-Stokes scattering.
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where o and k are the frequency and wavevector of the incident photon respectively, @’
and k> are the frequency and wavevector of the scattered photon while Q and K are the
frequency and wavevector of the created or destroyed phonon.

This shows that the difference between the incident photon and the Raman
scattered photon corresponds to the vibrational frequencies of the phonons. Due to the
sample already being in an excited stated, the line intensity of an anti-Stokes shift is
weaker than a Stokes line. This is primarily due to Boltzmann distribution between the
lowest vibrational states (See Equation 2.15). Figure 2.20 schematically shows this

difference including the locations of each shift in relation to the Rayleigh emission line.
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Figure 2.20: A schematic view of the peak intensities of Stokes and anti-Stokes

scattering,.

Raman shift is usually expressed as wavenumbers (cm') which describes the number of
units the Raman peak is from the Rayleigh line in figure 2.20 or laser line. Wavenumber
is the measure of how many wavelengths fit into one centimetre and is proportional to
frequency thus energy.

As the full theory of Raman scattering is complex, the best way to explain the

effect is by a classical view which considers the change in the lattice electric
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susceptibility due to an excitation of the crystal. This is known as lattice polarisability
when an electric field (E) is applied, an electric dipole moment (P) is induced. The

polarisability of the matter e(w) determines the size of the induced dipole moment.
P =¢e(w)E Equation 2.16

If u is the coordinate describing the phonon normal modes, the polarisability of the

matter can be written in terms of a Taylor series expansion [22]:

2
e(a), u) = 8((0)+ (E]u +l d—f w? + ... Equation 2.17
du du

So combining equation 2.16 and 2.17 we get an expression for the dipole moment

induced by the radiation electric field given as,

2
P= E(a))E + (Ejuﬁ' -i—l[d gJqu +. Equation 2.18

So that the small nonlinear terms of uE and u’E are the ones that generate the Raman
side bands at the phonon frequency. A mode that has a frequency Q has a phonon

coordinate of u=u,cos(Q) while an incoming electric field has the form

E = E; cos(w¥) . Combining these two terms into equation 2.18 then the induced dipole

moment contains the term

[cos Qr]" cos ax Equation 2.19

Where n = 1, 2, 3. Using standard trigonometric identities, these terms can be expressed

in the form
cos(w+ nQ)t Equation 2.20

This means that the light re-radiated by the oscillating polarisation vector has

components at the frequencies @ = n€2 and thus are the Stokes and anti-Stokes shifts.
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For a wurzite structure which is found in some semiconductor materials, it is
predicted that there are eight phonon modes at the zone centre (I') of the Brillouin zone.
These are 2*A,, 2*E,, 2*B and 2*E, which both B, modes are not seen by Raman
scattering while the rest are Raman active. Figure 2.21 shows the movement of these

atoms to produce the phonon modes seen in a Raman spectrum.
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SIXe D

Figure 2.21: Optical phonon modes in a wurzite crystal structure.

It should also be noted that as Raman scattering comes from the interaction of the
electric field vector and the polarisation vector, the direction of the electric field relative
to the crystal geometry defines the strength of the Raman signal.

I <

-~ ~ 2
e,.-R-eS‘

Equation 2.21

Where é, and é are unit vectors giving the direction of the incident and scattered

electric field respectively.

The Raman tensor (R) determines which phonon modes are allowed and which
are forbidden for different sample orientations. Work in this study was carried out using
backscattering geometry which means that on a (100) plane only LO phonons are seen.
TO phonons are only allowed in a (110) plane while a (111) plane allows both modes to

appear.
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2.10.3.1 Resonance Raman

Resonance Raman is the same inelastic light scattering process as seen in Raman
scattering except in this case the energy of the laser is adjusted so that the excitation
frequency is close to that of an electronic transition. This corresponds to the energy
difference between the ground vibrational state and the first or second vibrational state
of the excited state. It is a sensitive technique allowing us to look at relatively few
vibrational modes at a time. Resonance Raman reduces the complexity of the structure
allowing easier identification.

Using a tuneable laser, it is possible to tune the laser into near resonance with an
optical bandgap associated with a semiconductor structure of interest. It is then possible
to enhance the Raman signal by many orders of magnitude, usually in the orders of 10°
to 10* while up to 10° has also been reported. This is particularly usefui that is allows
samples with lower concentrations to be observed.

The resulting spectrum is simpler than traditional Raman as there are fewer
peaks. This is due to the intensity of totally symmetric vibrations associated with that
particular transition being enhanced usually overwhelming the Raman signal from other
transitions. Different peaks can also be targeted by tuning the excitation frequency to
match other specific electronic transitions so it is useful in not only obtaining
vibrational information but electronic too.

However, there are some risks that need to be taken into consideration. There is
an increase in the probability of fluorescence occurring and a higher chance of
photodegradation (heating). Photodegradation will occur due to increase levels of
energy from the laser. Another consideration is the phenomenon that occurs when the
excitation frequency is exactly the same as the electronic transition energy. When it
reaches this point, absorption occurs in the sample resulting in a loss of the Raman
spectrtum. Therefore only frequencies that are very close to the transitional energy of
interest are used for Resonance Raman.

A sample of interest, GaP was one of the first bulk semiconductors to be

examined using resonance Raman. Weinstein and Cardona [23] measured the first and
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second order Raman scattering in GaP without the use of a variable laser. It is well
known that temperature affects the bandgap of a material so by varying the temperature
(78, 300, 356 and 625K) and with the use of different lasers (514, 458 and 442nm) they
could observe the intensity of selective phonon modes.

It was not until 1986 [24] when variable lasers were developed that GaP could
be measure using a single laser at room temperature (Figure 2.22). In terms of dilute
nitrides, resonance Raman could be exploited especially in measuring the LVM of the
nitrogen content. As previously stated, the LVM is very weak and any method to

increase the intensity would be widely welcome.
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Figure 2.22: The evolution of phonon mode intensities of GaP with varying excitation

frequency [24]
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2.11 Pressure

Pressure can be considered as a thermodynamic variable that provides a mean of
changing the inter-atomic distances in materials in a controlled manner. When pressure
is applied the atoms themselves are not being compressed but the number of
neighbouring atoms each atom has increases due to the decreasing distances between
them. The impact of pressure is so dramatic that the physical and chemical properties of
the material are significantly changed. By applying pressure to a material, the volume
can decrease by nearly 50 percent compared to that of only a few percent when the
temperature is increased towards the material melting point. Experiments using high
pressure devices have led to the discovery of a number of phenomena including solid-
solid critical point, molecular dissociation and structural phase transitions.

The thermodynamic factor that determines the phase stability of a crystal

structure in a high pressure system is known as the Gibbs free energy [2].

G=U-+PV-TS Equation 2.22

Where U is the total internal energy, P is the pressure, T is the temperature, S is the
entropy and V is the volume. In experimental applications such as the use of a diamond
anvil cell, the pressure and temperature can be applied externally. This allows the
energy, volume and entropy to freely adjust to these external factors to minimise the
Gibb free energy to provide a stable phase.

Equation 2.22 also shows that as the pressure is increased, structures with the
lowest specific volume become favourable even if they have a higher internal energy. It
also shows why temperature is less effective in producing solid-solid phase transitions
due to the entropy being constant as the atomic alignment in the crystal remains the
same. The enthalpy should also be considered due to how the experiments are
conducted. In these experiments, the temperature remains constant as well as the
entropy of the crystal and so there is a trade off between the system gaining energy and

a reduction in the volume.
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The following diagram (Figure 2.23) shows the variation of the Gibbs free
energy as a function of the thermodynamic pressure variable. The diagram consists of
two lines 1and 2 which depict the variation of the Gibbs free energy with pressure for
two phases A and B. The point of intersection between the two lines represents the
pressure (P0) where the energy of phase A is the same as phase B. This PGvalue is
known as the thermodynamic equilibrium pressure and shows that below this point,
phase A is stable while above this point phase B is stable. So at PQa phase transition

occurs between the two phases

uJ

LU

uJ
UJ

PRESSURE

Figure 2.23: Variation of the Gibbs free energy with pressure for phases A and B in the

vicinity of PG Above PGphase A undergoes a first order phase transition [25].

Phase transitions are of great importance due to the sudden change in the
arrangement of the atoms causing a change in the structure properties of the material.
These transitions are said to occur if the change is discontinuous or continuous but with
a change in the crystal symmetry. These pressure induced phase transitions are thought
to be diffusionless, meaning that they are observed at higher pressures than originally
predicted. This is due to the large repulsive force between the atoms which sharply

increases when a pressure is applied, raising the height of the potential barrier for
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diffusion to occur. So the continuous increase in pressure gradually distorts the
structure, it orientation and prepares the structure to undergo phase transition with little
displacement of the atoms.

Pressure can be generated by applying a force which is uniaxially if applied in
one direction. This uniaxially applied pressure will produced biaxial strain that has the
same magnitude in each axis. However, compressive strain (ignoring shear strain) can
also be achieved hydrostatically where an equal force is applied in all directions. For
hydrostatic pressure, a stress tensor is required which is a further constraint that the

structure must satisfy. The stress tensor o;; must have the form

oy [FOO
ij:d&dg- =0 P O Equation 2.23
S0 0P

Where g; is the strain in the / direction, g is the strain in the j direction, U is the total
internal energy and P is the applied pressure.

An example of the difference between biaxial and hydrostatic compression can
be seen in quantum wells and quantum dots structures. Biaxial compression occurs in
quantum wells due to lattice mismatch where the c-axis remains unchanged. The
remaining two axes are compressed due to being parallel with the substrate where as in
quantum dots systems the structure is being compressed on all three sides. This occurs
due to the lattice of the material surrounding the dot being different which results in the
quantum dot being compressed hydrostatically.

Stress is the measure of force per unit area while the strain is the ratio between
the change in length and the original length. However when dealing with volumes, we
should consider the bulk modulus of a material which is a ratio of the stress and the

strain. The bulk modulus By can be defined by equation 2.24.
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§Q ¥ N‘;:I;r Equation 2.24
civ

Where dp is the change in pressure, dV is the change in volume and V is the original

volume. We know that pressure is defined as force (F) per unit area (A) and thus gives

us the relation.

v 1F

Equation2.25

<
w Il
>

This equation now shows that the strain is related to the stress by the constant of
proportionality known as the bulk modulus or isothermal volume compressibility. In
terms of a sample under compression, the following diagram (Figure 2.24) helps to

illustrate the bulk modulus.

si/
,/

dp - :O v 4

Figure 2.24: A schematic diagram showing when a cube with volume V is compressed
with a force F (dp) in the all directions on its surface area, the resulting volume of the

cube will have a bulk modulus BO.
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2.12 Mode Griineisen Parameter

The mode Grilineisen parameter is a significant thermodynamic parameter that shows
the relationship between thermodynamics and statistical physics. The parameter
describes the alternation in a crystal lattice vibrational frequency shown by the phonon
mode frequency shift based on the lattice volume increasing or decreasing. Equation
(2.26) characterises the change of lattice vibrational frequency ¢ of the i th vibrational

mode in a solid with volume V.

_dlhno
i dlnV

Equation 2.26

The Griineisen parameter can also be written in terms of the bulk modulus (isothermal
volume compressibility) as the benefits of doing this allows the parameter to be

determined experimentally.

B,oo
ooP

Vi = Equation 2.27

This derivative is evaluated at P = 0.

By plotting a graph of the pressure (P) dependence versus phonon frequency, the data

points can be fitted with a quadratic equation in the form shown below.

o(P) =0, +oP+ P Equation 2.28

This form of the quadratic equation contains three fit parameters including a constant
(0p), linear (o)) and a quadratic () parameter. By differentiating this quadratic equation

with respect to P we get the following.
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ele)
—=q+20P -
9P /6 Equation 2.29

Putting this back into the Griineisen parameter we get

B,a+2B, 5P Eauation 2.30
L= uation 2.
o, +aP+ P’ 1
Now evaluating when P =0
_ B
Vi = o Equation 2.31
0

When studying semiconductor materials especially group III-V semiconductors and
their dilute nitrides, the value used for the bulk modulus is an important factor that has
to be taken into consideration. Due to the differences in bulk modulus, this could lead to
some discrepancies in the Griineisen parameter results. For example the bulk modulus is
unknown for GaP (N where N is 2.1% so we assume that the bulk modulus is the same

as bulk GaP.

2.13 Anharmonicity

Anharmonicity is the deviation of a system from being a harmonic oscillator. It is used
to describe a nonlinear oscillator whose behaviour can be defined as the partial
derivative of the spring constant with respect to the atomic distance. In real crystal
structures, the lattice vibrations are not purely harmonic and so anharmonicity leads to
coupling between the phonons and harmonic crystal. The energy difference between

vibrational levels is not uniform and would continuously decrease to form a continuum
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at sufficiently large vibrational frequencies. Anharmonicity becomes more important as

the temperature of the crystal increases and can be calculated in the following way.
Neglecting interactions between an atom and the rest of the lattice, you can

regard an atom as a simple harmonic oscillator. It spring constant (D) can then be

calculated from the atom mass (m) and the frequency (o) using
D=w'm Equation 2.32

. ... dD . . . L
A partial derivative Ty of the spring constant with respect to interatomic distance b

gives the anharmonicity of an atom. In the case when a structure is compressed
hydrostatically, the interatomic distances decrease while the spring constant increases.
Due to the anharmonicity of the bond potential, this results in an increase of the
vibrational frequency of the phonon modes.

It has been shown in previous sections that the use of high pressure devices and
Raman scattering allows the pressure-induced shift of a phonon mode to be measured.
This knowledge allows the anharmonicity of a bond potential to be calculated indirectly
by measuring the change in the Spring constant over pressure. The anharmonicity is

then given by [26]:

-1
ap _4D (ﬁJ Equation 2.33

db  dP \dP

The derivative E of the spring constant with respect to pressure can be obtained by

measuring the Raman shift of the phonon mode with pressure{@}. This gives
dP

equation 2.34.
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dD _ dD  a{l)

ar 4(1r") ap

-1
:87r2c:2n{lJ M Equation 2.34
2), ap

1Y, . .
Where c is the speed of light and (z] is the phonon Raman shift at ambient (zero)
0

pressure.
o . L . db
The derivative of the interatomic distances with respect to pressure P can be

calculated from the elastic compliance constants (S;; and S;;) and the value of the
lattice constant ap at zero pressure by equation 2.35. Elastic compliance is the strain
produced in a material per unit of stress applied while in some directions the

compliances are the reciprocal of the Young’s modulus.

4 = ..\E.ao (S, +25,,) Equation 2.35
dP 4

For simplification, it can be assumed that ap and S;;+2S, for a semiconductor ternary
nitride such as GaP N can be given by Vegard’s law as a linear interpolation between
the values of the corresponding binary compounds GaP and zincblende GaN. Vegard’s
law states that there is a linear relationship between the substitutional impurity
concentration and the lattice parameter where the solute and the solvent have similar
bonding properties [27].

Thus by combining equations 2.34 and 2.35 we are able to calculate the
anharmonicity of a bond potential from combining literature values and the pressure

dependence of the phonon mode frequency.

D _ 327zzczm(%1)0 .d(/l“)
db \/§a0 (Sn +2Slz) dp

Equation 2.36
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Chapter 3: Experimental details

3.1 Raman Spectroscopy

3.1.1 Renishaw System

Raman spectroscopy is a versatile and standard optical characterisation technique which
is non-destructive, contact-less and requires little or no special sample preparation such
as thinning or polishing. Vibrational Raman scattering studies the phonon properties of
crystalline materials and other aspects such as coupling between the lattice and
electronic or magnetic properties. To study these effects a specialised piece of
equipment known as a Raman spectrometer is required.

There are a number of commercial Raman spectroscopy systems that can be
used to study the vibrational properties of semiconductors. In the Manchester laboratory
one such system is available, the RM 1000 spectrometer manufactured by Renishaw plc.
The advantage of using this spectrometer over others is the versatile nature of the
system and coupling of the spectrometer to a microscope which gives it the ability to
use in conjunction with other equipment available in the group such as a diamond anvil
cell (DAC) or a liquid helium cryostat.

The Renishaw system is composed of a series of individual components. These
are various lasers, a commercial metallurgical microscope, a mapping stage, the
spectrometer itself, and a charged coupled device (CCD) camera for detecting the
spectrum, To excite the IlI-nitride materials with photons, a light source is required. As
these semiconductors have small bandgaps in principle a near infrared laser would be
best as resonant excitation would be possible. However, the Renishaw system was
acquired for work on large gap nitrides and is optimised for visible light excitation.

Thus the light sources available are two air cooled lasers that allow one of three
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different excitation wavelengths to be used. The first is a Helium-Cadmium (He-Cd)
which emits either 325nm (UV) or 442nm wavelengths (blue light) and the second is an
Argon (Ar+) laser emitting 5S14nm (green).

At the rear of the system the laser light enters the Renishaw either directly (for
the argon laser system) or by a mirror (for the He-Cd) before passing through one of a
number of possible neutral density (ND) filters. These internal filters allow 100%, 50%,
25%, 10% and 1% transmission and are controlled by the system software making
changes simple and quick. Once through the ND filters, (Figure 3.1) the next optical
component is a beam expander before passing through a laser plasma line rejection
filter. The beam is then steered using a number of mirrors onto the sample and is
focused through an objective lens of either 5x, 15x, 40x (long working distance) or 50x
in the visible range and 15x or 40x in the UV. The mode of operation is confocal in that
the same lens (the microscope objective) is used to focus and collect the light. The use
of a beam expander produces a diffraction limited laser spot size of about 0.5um in
diameter.

The use of a confocal and backscattering geometry means that scattered light
(elastic and inelastic) and laser light passes back through the objective lens and along
the same path until it reaches a pair of holographic notch filters. At this point, as the
Raman light has been shifted in wavelength, instead of being reflected back down the
system towards the beam expanders, the Raman component is transmitted through the
holographic notch filter and on to the spectrometer. It is the use of these filters that cuts
out the laser line and the photons due to Rayleigh scattering.

The Raman component then passes through an optical slit that can be adjusted to
control the system resolution and to form an aperture to restrict the light collection area
along the vertical axis before being reflected by a prism onto a diffraction grating. The
diffraction grating disperses the radiation spatially into different frequency components
before being dispersed and focused on to a CCD camera. The CCD can detect the
relative intensities of the different wavelengths before being analysed and displayed on
a computer using a software program called Grams. This is an integrated spectroscopic

program by Thermo Scientific which controls the Renishaw, translating the data into a
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spectrograph of intensity verses wavelength or wavenumbers (cm™). The Grams
software also allows basic analysis of the data acquired.

To reduce any read-out noise on the spectra and to remove any form of artificial
aperture in the horizontal direction, the width of the CCD that collects the spectra can
be adjusted in the vertical axis. This effectively forms an artificial slit which combined
with the real slit forms an artificial aperture increasing the spatial resolution of the
Raman microscope. The CCD is made up of an array of photosensitive pixels (385 *
578) which produce a photoelectron when a photon falls upon them. This gives the
pixel a charge that is proportional to the intensity of the frequency and so by cutting
down the area of pixels used, an artificial slit is formed. The CCD is also cooled by a
Peltier cooler to reduce thermal noise.

The Renishaw system is designed so that either a static or a continuous (long
range) scan can be taken of the sample. A problem for other Raman spectrometers when
taking a continuous scan, a number of individual scans are required and are matched
together to form a spectrum. This is because it is impossible to get the whole scan
without moving the grating. The Renishaw overcomes this problem by moving the
diffraction grating at the same time as it collects the data. As the grating is coupled to
the charge bins of the CCD, the speed of the grating is controlled and so there is no

need to match up the scans to form a spectrum as with other systems.
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FRONT VIEW
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Figure 3.1: A systematic view of Renishaw RM 1000 system.

3.1.2 New Raman System

This system (Figure 3.2) is a bespoke system which employs a 1 metre Spex
spectrometer to disperse light and is designed as a Raman or PL system depending on
the optical arrangement. The setup involves a simple optical layout that was design
within the research group. The system contains a 632nm Helium-Neon laser positioned

at 90° to the sample \ spectrometer optical path and is injected into this optical path
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using a dielectric edge filter which reflects the laser light with high efficiency. This
light is then steered into a microscope objective using backscattering geometry as in the
Renishaw'. The light is reflected back along the incident path where it reaches the same
edge filter. Here the Raman shifted light is transmitted onto a focusing lens and into the
spectrometer where the Raman shift is measured.

The main difference between this system and the Renishaw is that the diffraction
grating does not move when collecting the data. Therefore when the computer software
produces spectra, for long continuous scans a number of spectra need to be joined
together. Fortunately in the research described here, a static scan was sufficient to
capture the relevant region of the Raman spectrum and so no further adjustment is
required to the spectrum. This setup was used for GaSbi.xNx and InSbi.xNx nitride
samples as the 632nm laser was found to be more suitable in detecting the vibrational
phonons and the local vibrational mode of the nitrogen content. This was probably due
to the use of lower energy photons which have a deeper penetration depth on the

antimonides.
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Figure 3.2: Schematic view of the new Raman system.
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3.2 Diamond anvil cell

3.2.1 The cell

The diamond anvil cell (DAC) used in these studies was a Mao-Bell type cell which
was developed from and has a similar design to that of the Piermarini-Block cell (Figure
3.3). The main difference between the two cells is that the Mao-Bell cell employs a
longer piston and cylinder assembly ensuring the alignment of the diamonds is even
more accurate [1]. Importantly, this ensures that at high pressures, the diamonds are
accurately aligned which the Piermarini-Block cell is not successful at. Due to having a
longer piston and cylinder assembly, the main body and lever arm has to be

proportionally larger to compensate for this.
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Figure 3.3: The Piermarini-Block cell (a) and the Mao-Bell cell (b).
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The force application principle behind the design of this cell is similar to that of a
nutcracker where the sample is placed near to the pivot of the system. Pressure is
applied to the piston holding one of the diamonds by turning the screw at the opposite
end causing high stress to be easily applied with very little effort. To ensure the stress is
hydrostatic a pressure transmitting medium is used to fill a hole in a stainless steel
gasket. The gasket is then mounted between the two diamonds and pressure is applied.

The basic principle of the DAC thus involves the sample being placed between
the faces of two directly opposite mechanically flawless diamonds that either have a
brilliant or a Drukker Dubbledee cut. The reason for using diamonds as a material to
obtain high pressures and stress is due to their optical properties and crystalline
structure. Diamonds are the hardest, least compressible and most inflexible material
known to man due to their very rigid and stable structure. They are also transparent at
optical wavelengths making them an ideal tool for high pressure optical research.

In between the two diamonds lies a stainless steel gasket for the containment of
pressure (Figure 3.4). This is the key to generating hydrostatic pressure in the DAC as
not only it provides containment for the pressure medium but also acts as a supporting
ring for the diamond faces. Even though diamonds are the hardest material known, if
they are forced against each other, rather than a more pliant material such as steel, they

will crack so care must be taken.
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CULET
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SAMPLE-
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Figure 3.4: Basic principles of a diamond anvil cell.
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Before loading the sample, the gasket was indented by the diamonds inside the DAC to
a required thickness. This indent can range from 50 to 100um depending on the size of
the sample being studied. Once this has been done, a hole can be drilled at the centre of
the indent by various methods, either by using a drill or by a method called spark
erosion. This involves using a piece of apparatus called a spark eroder (Section 3.3).

The gasket hole allows containment of the pressure medium for hydrostatic
forces to be applied on the sample. The choice of a good hydrostatic medium has been
the subject of considerable research. However, for the materials and pressures studied
here the commonly used mixture of four parts methanol and one part ethanol [2] is an
excellent pressure medium and was used in all experiments. The reason for care taken
over the choice of medium used is due to the ratio of the elastic modulus of the medium
to the sample. If the medium has a elastic modulus comparable to that of the sample we
expect the sample to be subject to substantial non-hydrostatic (uniaxial) forces. As the
semiconductor samples here are considered to be relatively hard with a large bulk
modules, the methanol and ethanol mixture or silicon oil are ideal and easy to load. It
has also been demonstrated in a number of papers that noble gases such as Argon and
other gases such as Helium and Hydrogen (H,) are excellent pressure transmitters
reaching the range of 100GPa [3-5].

Another factor of choice is the size of the top flat surface of the diamonds (the
culets). In this study brilliant cut diamonds with 150um culets were used with stainless
steel gaskets (B-05) from Diacell products. These had an indent thickness of
approximately 60um with a hole of 100um at the centre made by a spark eroder. The
majority of the investigation was conducted using the methanol-ethanol mixture while
experiments that concentrated collecting spectra at pressures above 20GPa to 30GPa
(mainly filling gaps in the results) involved using silicon oil (silicon oil has Raman
modes at low pressure which can be troublesome [6]).

Methanol-ethanol mixture is good for hydrostatic pressure measurements up to
10GPa and is still useable up to 20GPa but investigations have shown that this mixture
becomes a glass and nonhydrostatic [7]. The introduction of non-hydrostatic forces in

the cell can be monitored qualitatively by the increase in linewidth of the ruby spectrum
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[8]. Most results were collected using the methanol-ethanol mixture which was judged

to perform well using ruby fluorescence measurements.

3.2.2 Ruby pressure calibration

Another important technique involved with the use of the DAC is the ability to
determine the pressure being applied on the sample at the centre of the cell. This
pressure calibration involves the ruby fluorescence technique [9] and is widely used for
high pressure studies. This is because the measurement of the ruby fluorescence is quick
and easy to measure as ruby produces two very strong fluorescence lines in the visible
range. Even inside a DAC where the majority of light is lost due to the diamonds, the
signal is so strong that the laser power is reduced to 1% and a spectrum of 0.1 second is
taken. Small chips of ruby are required (between 5 and 20um) as larger pieces can
swamp the Raman signal of the sample.

The ruby is excited by the laser producing two sharp and strong ruby lines
known as R, and R,. These fluoresce at 692.7nm and 694.2nm (1401.74cm’1 and
1372.39cm™) and either line can be used but generally, R, is taken as it is the stronger
of the two. When pressure is increased up to 30GPa, the shift of the ruby line is almost
linear [10] at the rate of 0.365nmGPa’’ or 7.53cm™ GPa’!. Above this pressure, the shift
appears to be sublinear and two studies examining the shift of the ruby lines up to the
region of 100GPa has suggested two different equations (Figure 3.5) [5,11]. Equation

3.2 is a modification of 3.1 differing slightly but should be used for actual results.

5
P(Mbar) = 3.808{[1 + [%ﬂ - l} Equation 3.1
Al arY
P(Mbar) = —Kl +——] - 1] Equation 3.2
B Ay
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P(Mbar) is the pressure in megabars where IMbar equals 100GPa, A X is the shift in
wavelength and X is the initial wavelength of the ruby line in nanometres. For the

second equation A is 19.04Mbar and B is 7.665.

1DQ

Equation 3.2
ED Equation 3.1
0.365 nm/OPa

20

0 s 10 IS o Ua) 30

Shift of ruby line (nm)

Figure 3.5: Variations between different ruby pressure equations.

Studies have also shown that ruby as a pressure calibration is usable up to a few
hundred GPa but as the pressure reaches this value, the error measurement increase to
between 15% and 20% [12]. Recent experiments have investigated the shift of the first
order Raman peak of the anvil cell diamond with pressure. Theoretically, the shift of the
phonon has been calculated up to 600GPa and results have shown reasonable agreement
to the theoretical curve [13-15]. It may turn out that the use of diamond is another
possible method of pressure calibration although the disadvantages are that the accuracy

is not as good as that of ruby.

81



Chapter 3 Experimental details

3.3 Spark eroder

A semi automatic Besta MH20M spark eroder (Figure 3.6) located at the Science and
Technology Facilities Council (STFC) Daresbury Laboratory in the Material Science
Laboratory (MSL) was used to drill gasket holes. This piece of equipment allows
various diameter holes to be drilled ranging from 20pm to 500pum but most importantly
ensures that before eroding, the drill needle is lined up at the centre of the gasket indent.

The MH20M spark eroder has a centring accuracy of less than Sum. With the
ability to drill through any conducting material, it has a fast drilling speed (40um per
minute for a 200pm hole in stainless steel) and a motorised drill, all of which are
advantageous factors in gasket drilling [16].

Before drilling, the gaskets were indented with the diamond faces within the
DAC to a thickness of approximately 60pum. This ensured that the gasket was thick
enough for the sample to be studied without being crushed and that all indent
thicknesses were consistent. The hole was drilled using a 100um needle as this was the
smallest size needle available / used in the MSL. This had its problems as the flat face
of the diamond culets were 150um which left no room for error.

From experimenting, it was found that this diameter hole was acceptable but if
required, the gasket hole can be closed slightly by applying pressure to the gasket if
placed into the DAC on its own. The results were not affected in any way as the ruby

calibration ensured the spectrum obtained was collected at a known pressure.
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©)

Figure 3.6: The Besta MH20M spark eroder (a), drill needle (b) and schematic view (c)
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3.4  Sample characteristics and preparation

Once the gasket and diamonds have been cleaned, the cell is ready to be loaded
with the sample. There are four different types of samples being investigated in these
studies. The first being a sample of bulk GaP taken from an undoped single crystal,
while the remaining three are all dilute nitride samples. The phosphide samples contain
a small percentage of nitrogen incorporated during growth of the parent binary on a
(100) undoped substrate by metal-organic vapour phase epitaxy (MOVPE) at a high
temperature to form an epitaxial layer that was grown at the renewable energy
laboratory in Colorado. The antimonide samples were grown by molecular beam
epitaxy (MBE). The antimonide dilute nitride samples were grown at the QinetiQ
Malvern site by Louise Buckle and co-workers.

The nitrides had a thickness of 1pum for GaP) Ny and 0.25um for GaSb;.,Ny and
InSb«Nx. The nitrogen content was derived from x-ray diffraction data to form the
following nitride samples GaPyo79Np 021, GalNpo15Sbogss and InNg gpssSbogez2. Material

growth parameters for the three nitride samples can be seen in the table below.

Epilayer Substrate Epilayer Growth Nitrogen
Material Material Thickness \ pm | Temperature \ Percentage
°C Content
GaP Ny GaP 1 700 2.1 %
GaSb Ny GaSb 0.25 - [.5%
InSby.Ny InSb 0.25 - 0.68 %

Table 3.1: Sample characteristics of dilute nitrides studied in thesis

The next stage is the sample preparation as a little bit of time and effort was required at
this point. Due to the sample being grown on a substrate, the sample was too thick to be
placed into the stainless steel gasket. Before any piece could be cleaved off, the sample

had to be thinned to a thickness of 30pm by polishing most of the substrate away. This
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was achieved by using a combination of silicon carbide waterproof abrasive discs with
fine diamond polishing paper and paste.

The sample was attached to a glass slide using a strong wax which held the
epilayer face towards the surface of the glass [Figure 3.7]. This meant the substrate
faced upwards and before any polishing was done, a scan was taken of the sample to
determine if the substrate did indeed faced upwards. It was also important to ensure that
the sample was lying flat against the glass slide and that it was entirely covered in wax
underneath the sample. At the opposite end to the sample, the glass slide had two
smaller pieces of glass glued together using superglue to create an incline. This allowed
the edge of the sample to be thinned protecting the remaining sample for another day.

The polishing was either done by hand onto the abrasive disks or holding it
against a disk attached to a polishing machine. By letting the wheel rotations to do the
polishing, the sample can be simply held against the pad. The sample was then cleaned
from the wax using a number of chemical liquids including trichloroethylene, acetone
and methanol. The next step was to cleave the sample into 50um pieces or less for
loading into the DAC using a hypodermic needle. The polishing of the sample greatly
helped determining when loading which way the sample was facing. By looking
through the microscope onto the surface of the diamond, one can observe the
smoothness of the face helping to decide if the epilayer of substrate was facing

upwards.

alass sTide

h.$!. RSy

sample
 substrate Prassed against
facing adrasive pads
downwards

Figure 3.7: Glass slide setup used in polishing of sample
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Chapter 4 Raman study of bulk GaP up to pressures of 30GPa

Chapter 4: Raman study of bulk GaP up to pressures of
30 GPa

41 Introduction

While searching through literature on dilute nitrides and the incorporation of nitrogen
atoms onto the crystal lattice for various semiconductor materials, a very important
discovery was made. It was discovered that there are no reports of Raman
measurements of bulk GaP near to its phase transition at approximately 22GPa.
Through high pressure x-ray spectroscopy, studies by Baublitz et al, Itie et al and Hu et
al [1-3] have all presented results that the GaP structure changes to a B-tin crystal
structure; it was Nelmes et al [4] who showed that GaP changed from the cubic
zincblende to the Cmcm structure which is now considered to be the correct
assumption. Raman measurements have only been taken up to pressures in the region of
13GPa [5-7] and with the ability of the Mao-Bell DAC to reach pressures beyond this, a
perfect opportunity was presented.

Other deciding factors which convinced me that Raman studies should be
conducted on GaP up to its phase transition was the need to compare dilute GaP nitrides
to its group III-V semiconductor. Studying the vibrational properties of these
semiconductor materials up to and beyond its first phase transition yields a better
understanding of the mechanical properties of the Ga-P bonds in Ga-V alloys. Raman
studies also allow us to observe the effect of epitaxial strain and alloying on the lattice
vibration due to the incorporation of nitrogen.

By studying GaP or a basic group III-V semiconductor, a comparison can be
made between similar binary compounds and Ga-N-V alloys. Collecting Raman shift

measurements will allow the Griineisen parameters and the anharmonicity for GaP to be

87




Chapter 4 Raman study of bulk GaP up to pressures of 30GPa

determined. This will then give the opportunity to see how the incorporation of nitrogen
affects the pressure behaviour of the host phonon modes of GaP.

For other semiconductor materials such as GaN and GaAs [8-10] there is a
considerable amount of literature on Raman studies on the phase transition under
hydrostatic pressure. As this literature is sufficient, no further Raman studies on these
materials are required for this thesis.

Before talking about the results obtained from the Raman studies on GaP, it
should be noted that the bulk modulus for this material is given as the literature value of
87.4GPa taken from reference [11]. The spectrum for GaP is dominated by two peaks,
the TO and LO phonon modes [6]. These are expected to be seen at approximately
365cm™ and 402cm™ [12] respectively.

4.2 Experimental procedure

The sample studied was a bulk GaP, taken from an undoped single crystal. This sample
initially had a thickness of Imm but had to be polished and thinned to a thickness of
30pm. The sample was then cleaved into small pieces of about 50um allowing the
sample to be loaded inside a 100pum diameter hole through the centre of a stainless steel
gasket which had a thickness of 60um. The sample and a small speck of ruby dust was
position on the surface at the centre of 150pum diamond culets.

The pressure medium used for these pressure measurements was a mixture of
methanol and ethanol using a ratio of 4:1 for the majority of pressure measurements. At
higher pressures, around 20GPa and upwards, silicon oil was used due to its own
limited Raman signals and its weak photoluminescence in the investigated spectral
range. Silicon was used at these pressures instead of the methanol \ ethanol mixture
because it was found to contain the pressure more efficiently and resulted in fewer
collapsed sample holes in the stainless steel gaskets. The pressure calculated for each
Raman spectrum was calculated using the ruby fluorescence technique using the A3

power law [13]. The Raman measurements of an accuracy of 0.5cm™ were taken using a
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Renishaw Raman microscope with either a 514nm line of an Ar™ laser of the 442nm line
of a He-Cd laser. It was discovered that for lower pressures and for the majority of
results the 514nm laser was more suitable for detecting the phonon modes while at
higher pressures the 442nm laser was more effective.

Measurements were performed at pressures from 1 to 30GPa at room
temperature in a (100)-orientation. A x(y’,y’) backscattering geometry was used and a
40x long working objective lens was used to collect the light. The transmission filters
were set at 100% to allow maximum radiation to fall onto the sample while the
scanning time varied from scan to scan as the importance factor was to obtain a good
spectrum to determine the phonon modes.

The pressure was increased in small steps to ensure small increases in pressure
were obtained. This was very important as large turns \ movements of the screw
resulted in large jumps or increases in pressure and therefore large gaps in the results.
Before taking a scan, the DAC was allowed to settle for 15 minutes as it was observed
that there was a pressure delay from turning the screw. The ruby PL was measured
before and after each scan allowing an average of the two measurements to be taken as
the pressure point for that scan. If the pressure had jumped up rapidly during scanning,
the Raman spectrum for that pressure was taken again to help reduce any errors in the

results.

4.3 Results and Discussion

4.3.1 Phonon modes

Figure 4.1 shows the Raman Spectrum of bulk GaP at ambient pressure. The spectrum
shows two phonon modes LO and TO [11] which are represented by the peaks that
dominate the spectrum. For GaP, the LO and TO peaks are given as 401.6cm™ and
364.4cm’ respectively. The spectrum also shows typical overtones structures in the
region from 720cm™ to 785¢m™ . These are visible when the sample is out of the cell. At

higher pressures, these peaks are obscured by background noise and so are not
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discussed in this thesis. The reason for this is that the DAC cuts out a large majority of

the weak Raman signal and only the stronger modes \ peaks are visible.
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Figure 4.1: Raman scattering spectrum of bulk GaP measured at ambient pressure.

The next stage of the investigation is to increase the pressure within the cell in small
steps to scan the change in phonon modes. Figure 4.2 is a collection of Raman spectra
of GaP in the spectral range of the first order features taken at different hydrostatic
pressures. Figure 4.2 shows the pressure induced shift of the LO and TO phonon modes
resulting in the modes increasing in wavenumbers as pressure is increased. Figure 4.2
also demonstrate the weakness of the signal at higher pressures by the magnification
used to plot the scans. At around 20GPa (although 514nm was still used at higher
pressures), the laser was changed from 514nm to 442nm and this resulted in a sharp

increase in the intensity of the phonon peaks.
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The behaviour of absolute and relative intensities of the LO and TO modes for
GaP are shown to be irregular for several reasons. It is most likely that they are caused
by non-constant scattering geometries and resonance effects due to pressure-induced
energy shifts of the electronic states. At 30.1GPa, it was obvious that the phonon mode
peaks had stopped moving indicating the possible occurrence of a phase transition as
indicated by Nelmes et al [4]. The intensities of these peaks are again weak which can
be explained by the fact that Raman selection rules tend to break down when

approaching the phase transition, as in the case for GaP.

300
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26.3 GPa
w x50
“ 19.1 GPa
« .x130
x130 16.5 GPa
13.1 GPa
100.
. TO(r)
Xio 71 GPa
3.4 GPa
1.9 GPa
0.76 GPa
350 400 450 500 550

Raman shift [cm"1

Figure 4.2: Raman spectra of GaP of the TO and LO phonon modes at different

hydrostatic pressures.
To observe the effects of pressure on the phonon modes, we need to plot the change in

Raman shift of the LO and TO modes with increasing pressure. Figure 4.3 shows the

Raman shift of GaP as a function of pressure. It highlights the softening of the GaP
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phonons at around 24.5GPa and it agrees well with the Cmcm phase transition observed

by Nelmes et al [4].
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Figure 4.3: Raman shift for the LO and TO phonon modes for GaP as a function of

pressure.

Looking closely, it can seen that the plot of the GaP is not linear. This is similar to
GaAs results obtained by Giingerich et al [9] where the phonon signals were fitted with
a quadratic function in the form of equation 2.28 which uses three fit parameters i.e a

constant (00), linear (a) and a quadratic (P)

CHP)=(J0+aP+/3P2 Equation 2.28

For comparison with results (GaP dilute nitrides) in the next chapter (Chapter 5) the

fitting of each curve for each mode was done in the pressure range from 0 to 11GPa.
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This guarantees comparability of the fit parameter results. Table 4.1 present fit

parameters for each mode including the initial Raman peak at ambient pressure G

which is similar to those obtained from figure 4.1. Table 4.1 also includes fit parameters

data for other related group III-V materials

Sample Mode G (cm'l) o (cm'lGPa'l) B (cm"lGPa'z)
Bulk GaP TO 364.7 £ 0.360 4.66 £0.139 -0.041 £0.012
Bulk GaP LO 401.8 = 0.029 452+0.112 -0.055 £ 0.009
GaN [14] TO 531.7 3.9 -

GaN [14] LO 736.5 4.4 -—--
GaAs [9] TO 268.4 4.22 1.17
GaAs [9] LO 291.2 4.25 1.09

InN [15] TO 439.7 5.81 o

InN [15] LO 591.9 5.96 e

Table 4.1: Data related to the pressure dependence of phonon modes of GaP, GaN,

GaAs and InN

The results in table 4.1 show the phonon-like shifts of GaP that can be used to compare

with other GaP dilute nitrides. The fit parameters also show a similar comparison to

other related samples. The next stage is to take the fit parameters and calculate the mode

Griineisen parameter and anharmonicity.
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4.3.2 Mode Griineisen parameters

The mode Griineisen parameter is a parameter that shows the relationship between
thermodynamics and statistical physics describing the alternation in a crystal lattice
vibrational frequency shown by the phonon mode frequency shift based on the lattice

volume (in this case) decreasing. It is given by equation 2.31 from chapter 2.

B,a
O-O

Vi = Equation 2.31

The Griineisen parameter can be calculated using fit parameters (Table 4.1) and a value

for the bulk modulus Bg taken as 87.4GPa [11] for GaP.

Sample Mode Grineisen
parameter
Bulk GaP TO 1.117 £0.033
Bulk GaP LO 0.983 £ 0.024
GaN [14] TO 1.47
GaN [14] LO 1.2
GaAs [9] TO 1.17
GaAs [9] LO 1.09
InN [15] TO 1.66
InN [15] LO 1.26

Table 4.2: Griineisen parameters for bulk GaP, GaN, GaAs and InN.

For GaP, the Griineisen parameter is calculated as 1.117 + 0.033 for the TO phonon and
0.983 = 0.024 for the L.O phonon. This again shows a similarity to GaAs (as expected)
and not to GaN or InN. The differences in values are large enough to allow us to make

good comparisons between bulk III-V compounds and their dilute nitrides. This allows
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us to fit the Griineisen parameters of the studied dilute nitrides against one of the bulk

III-V semiconductors in table 4.2.

4.3.3 Anharmonicity

With the knowledge of the pressure-induced shift of the TO and LO modes, we can
calculate the anharmonicity of the GaP bond potential. Equation 2.36 gives the
anharmonicity of the potential derived by Giingerich et al [9]. With the measured data
and literature values taken from Vurgaftman et al [11], the anharmonicity of GaP for the

LO phonon mode can be derived.

an 3275262171(%1)0 'd( -1)

— = Equation 2.36
db \/5(10(3” +2512) dp

Using the above equation we are able to calculate the anharmonicity for the LO phonon
mode of GaP. The anharmonicity is calculated to be 5.414*10"*Nm™. Comparing this to
the anharmonicity calculated by Goni et al [14] for zinc blende GaN which has a value
of 14.5°10""Nm™ and for GaAs,..N, by Giingerich et al [9] (8.4*10'>Nm™) this fits in

well to what we expect due to the size of the P atom being larger than N atoms in GaN.

4.4 Conclusion

The Raman scattering measurements of the vibrational properties of GaP have been
presented. The bulk GaP has been investigated up to 30GPa with a structural phase
transition being observed at around 24.5GPa through the softening of the LO and TO
phonons. This fits in well with previous x-ray absorption spectroscopy data and work by
Nelmes et al but it has not been possible to determine the crystal structure after the

phase transition.
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The Raman scattering results again fit well with previous high pressure Raman
measurements to 1 1GPa but with the aid of the DAC it has been possible to extend this
area of research up to its phase transition. The Griineisen parameters have been
calculated to be 1.117 (TO) and 0.983 (1.O). In the next chapter (Chapter 5) it will be
possible to compare these Griineisen parameters and anharmonicity values and explain

their meaning more clearly.

4.5 Further work

Further work on GaP could be carried out as there are a number of questions to be
answered. For example the determination of the new crystal structure after the phase
transition using Raman scattering is unknown. Due to the véry similar crystal structure
between a Cmcm and a Imm?2-type the phases are very close in enthalpy [16] at high
pressures. The crystal phase was thought to be a f-tin type structure but work by
Nelmes [4] has disproved this due to a number of missed features on the x-ray
diffraction pattern [17]. The Imm2 phase has not be reported in experiments however
high pressure and temperature studies with a reversible transition from the Cmcm phase
might prove valuable.

As this chapter states, the scans were taken using either a 442nm or 514nm laser,
It may be useful to examine the sample using the new Raman system stated in this
thesis using a 632nm laser as this was found to be useful for measurements in later
chapters. This is probably due to the use of lower energy photons which have a deeper

penetration depth on the antimonides and could have a similar effect on phosphides.
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Chapter 5: Vibrational properties of GaP; N, under

hydrostatic pressure

5.1 Introduction

Much recent attention has been given to the study of nitride related compounds due to
their potential application in short wavelength optical devices such as blue LEDs [1-3].
It is known that the incorporation of nitrogen into GaP strongly modifies the band
structure and forms isoelectronic electron traps, which persist as localised states up to
nitrogen concentration of a few percent [4]. However one obstacle preventing the
successful growth of larger percentages of nitrogen in GaP is due to the large mismatch
between lattice structures and lattice constants between GaN and GaP. This leads to an
extremely large mobility gap [5] however up to a nitrogen content of 3% the GaP (N
can be easily grown directly on a GaP substrate with an acceptable lattice mismatch [6].
Due to this large mobility gap between GaN and GaP, the growth of GaP,; (N is only
possible under non-equilibrium conditions i.e at low temperatures [7].

Little is known about the phonon properties of GaP;N. Buyanova et al [8]
reported on Raman measurements of GaP(Ny when the nitrogen content was less that
3%. They observed a two-mode phonon behaviour, a GaP-like mode between 399cm
to 40lem™ and a GaN-like mode between 495cm™ and 503cm™ for the LO phonon
modes. The use of Raman scattering spectroscopy is a useful tool in that much more
detailed information about the structural properties of alloy systems can be obtained.
This includes lattice perfection, strain and compositional uniformity [8] while the use of
a DAC to apply a hydrostatic pressure yields a better understanding of the mechanical
properties of the Ga-N bonds in a ternary Ga-N-V alloys.

Gil et al [9] were the first to demonstrate the benefits of applying pressure to a

dilute nitride sample by examining the pressure dependence of nitrogen pairs in GaP
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beyond a critical composition. Even though the experiment was only done up to 8kbar
and a temperature of 2K, it highlighted the benefits.

Moving back to the importance of incorporating nitrogen into GaP and the
forming of localised states, the effect of these states on the global electronic properties
of the alloy are found to depend sensitively on the local environment of the nitrogen
atoms [10]. The vibrational properties of these ternary alloys also reflect the impurity
character of the nitrogen atoms in materials such as GaP but also in GaAs [11] as well.
When Buyanova et al [8] first reported on the GaN-like mode observed at around
500cm™, it was infact a localised vibrational mode (LVM) of nitrogen. Studying the
focal vibrational mode of nitrogen provides a powerful tool for obtaining information
about the influence of nitrogen incorporation on the crystalline structure.

An analysis of the pressure dependence of the mode frequencies, especially the
LVM allows us to derive bond strength and anharmonicities. This provides direct
information on the nature of the chemical bond. A number of theoretical and
experimental studies have taken place about the structural properties including strain
and lattice perfection [8,12] however the effect of the epitaxial strain and alloying on
the lattice vibrations of GaP Ny due to nitrogen incorporation is less known. This
provides an excellent opportunity, with the use of a DAC, to further our knowledge
about Ga-N like bonds within GaP but also allow us to observe the local phonon modes

as a function of pressure.

5.2  Experimental procedure

The GaP,.«Nx sample studied in this chapter was an epitaxial layer of GaPgg79No.021
grown on a (100) undoped GaP substrate by MOVPE at 700°C at the Renewable Energy
Laboratory in Colorado. The epilayer thickness was lpum and the nitrogen content
(2.1%) was derived from x-ray diffraction data. The source materials used to grow the

GaP| Ny layer were triethylgallium, dimethylhydrazine and phosphine.
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As in chapter 4, the sample was thinned to a thickness of about 30um by
polishing most of the GaP substrate away using fine diamond paper. The sample was
then cleaved to a size of about 50pm which allowed it to be loaded into the gasket hole.
A speck of ruby dust was also added to allow the pressure inside the cell to be
calculated.

Raman scattering scans were taken at pressures from | to 19GPa at room
temperature in a (100)-orientation. A x(y’,y’) backscattering geometry was used while a
40x long working objective lens collected the light and allowed focusing on the sample
surface to be achieved. As the pressure in the DAC only went up to about 20GPa, there
was no need for the use of silicon oil. A mixture of methanol and ethanol (4:1) was
sufficient for the pressure medium.

For the calculation of pressure, an averaging technique was used again by
measuring the ruby PL before and after the Raman scan. A 15 minute time period was
again applied after each step increase in pressure to ensure that the pressure, sample and

cell movement was stationary within the DAC.

5.3 Results and Discussion

5.3.1 Phonon modes

Figure 5.1 shows a Raman spectrum of GaPg979Np 21 at ambient pressure. Compared to
the spectrum obtained for bulk GaP in figure 4.1, the spectrum shows two identical TO
and LO phonon modes of the GaP-like bonds but having a slightly different Raman shift
to the once seen in GaP. These peaks are at 401.8cm™ for the LO phonon mode and
365.0cm for the TO phonon mode. Referring back to the Raman shifts obtained in
chapter 4 for bulk GaP (401.6cm™ and 364.4cm™ respectively), they have a slightly
higher Raman shift than bulk GaP and a first glance suggests that this is wrong.
Buyanova et al [8] showed that in pseudomorphically grown samples the optical
phonons frequencies of GaP.\Nx decreases with increasing nitrogen content. In this

sample, both the TO and LO mode frequencies are higher than the peaks measured for
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bulk GaP in chapter 4 (the opposite of Buyanova et al). It is believed that this sample is

partly relaxed, resulting in an increase in frequency due to tensile strain.

LO(r)

N-LVM
x50

LO(X)
TO(r)

ooo@ 5;2: wo

300 400 500 600 700

Raman shift [cm'q

Figure 5.1: Raman spectrum of ¢ .ro.970n0.021 at ambient pressure.

A further two peaks can be distinguished in figure 5.1. Both peaks are GaN-like modes
and are the phonon frequencies of the GaN bond. These peaks would not be seen as
expected in bulk GaP as it contains no nitrogen and thus are only present in this sample
and any other sample with nitrogen incorporated into it. Between the two larger GaP-
like phonon modes, a weaker signal can be distinguished. This is the LO(X) phonon
peak of the GaN measured in this sample to be at 387cm'1[13]. This peak is observable
because of the breakdown of momentum conservation rules and symmetry lowering due
to the incorporation of nitrogen into GaP. However it is a useful indication when

polishing and loading the sample into the cell that if this peak is detected by performing
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a quick scan, then one will know that the epilayer surface is facing upwards and is clean
from any dirt.

Another peak that is not detected in bulk GaP but can be seen in figure 5.1 is at
the Raman shift of 497cm™. This corresponds to the LVM of the nitrogen atom and
again, can only be seen in the GaP,..Ny sample. This peak is much weaker that the first
GaN-like mode, hence the magnification of 50x in figure 5.1. More of this nitrogen
LVM is discussed in the next section (5.3.2)

The next figure (Figure 5.2) shows the spectrum of GaPgo79Npg2i at various
increasing hydrostatic pressures at room temperature using the 514nm excitation laser.
Figure 5.2 shows the pressure induced shifts of the GaP-like phonons. For the
GaPoy79Nog21 sample, the pressure was increased to about 20GPa before the Raman
signal became too weak and was swamped by the background noise. For the nitrogen
LVM this was at a lower pressure, at approximately 10GPa.

Again we see in figure 5.2 that the absolute and relative intensities of the TO
and LO modes show irregular behaviour. Again it can be stated that the most likely
cause of this is by non-constant scattering geometries and resonance effects due to
pressure induced energy shifts of the electronic states. For GaPgg79Ngg2r it can be
argued that the cause of this is due to the Raman selection rules breaking down near to
the phase transition. As the majority of the sample is GaP, it can be assumed that the

phase transition is approximately in the same pressure region.
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Figure 5.2: Raman spectra of the GaP-like phonons of c.ro.979n0.021 at various

hydrostatic pressures at room temperature.

The phonon peaks frequencies in figure 5.2 are then plotted against pressure up to a

region of 20GPa to show the Raman shift of the GaP-like phonons as a function of

pressure. This is shown is figure 5.3.
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Figure 5.3: Raman shift of the GaP-Like phonons as a function of pressure.

The fit parameter results for figure 5.3 are presented in table 5.1 together with

calculations from previous studies of bulk GaP, GaN, GaAs and GaAsg 915Ng ogs.
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Sample Mode W (cm'l) o (cm‘lGPa'l) B (emGPa?)
GaPo,970No 21 TO 366.0 £0.567 |  4.03 £0.245 10.027 +0.021
GaPy 079N 021 LO 403.0 £ 0.525 4.04 +0.227 -0.055 +£0.009

Bulk GaP TO 364.7 +0.360 4,66 +0.139 -0.041 +0.012
Bulk GaP LO 401.8 = 0.029 4.52+0.112 -0.055 +0.009
GaN [14] TO 531.7 39 -—-
GaN [14] LO 736.5 4.4 o
GaAs [11] TO 268.4 4,22 1.17
GaAs [11] 1L.O 291.2 4.25 1.09
GaAsg.915Np.085
TO 266.3 4.33 1.223
[11]
GaAsp.915No.085
] LO 287.4 3.97 1.039

Table 5.1: Fit parameters of GaP-like phonon modes of GaPg979Np 021, bulk GaP, GaN,

GaAs and GEIAS()AglsN()_ogS.

The data points from figure 5.3 were fitted with a quadratic function in the form of

equation 2.28 which again uses three fit parameters i.e a constant (cp), linear (o) and a

quadratic (B). As stated in chapter 4, the quadratic fit was fitted up to pressures of

11GPa to allow comparability of results from this thesis and work by Giingerich et al

[11].

The calculations for GaPgo79No 21 appear to show a considerable smaller value

for the o parameter for the optical phonons TO and LO than in bulk GaP. However, the
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total errors in the determination of the fit parameters such as the inaccuracies in
pressure determination and the peak frequency determination for each spectrum are
larger than the indicated errors given in table 5.1. Due to this, within the experimental

accuracy, there is no significant change in the pressure behaviour of the GaP-like

phonons due to nitrogen incorporation.

5.3.2 Nitrogen local vibrational mode

The LVM can be seen at 497.3cm™ in figure 5.1 while figure 5.4 highlights the shift in
the LVM with pressures up to 10GPa. The LVM signal is very weak and is only clearly
detectable at low pressures when the background noise in the DAC is lower however at
higher pressures, one can follow or trace the LVM through a series of spectra due to its
continuous shift. In figure 5.4 for example, the nitrogen LVM at pressures above
3.1GPa are highlighted with a flat-background fit due to the low signal-to-noise ratio at
higher pressures.

The LVM is of great importance to the study of dilute nitrides in general due to
the LVM frequency being directly related to the spring constant of the covalent bond
between gallium and nitrogen atoms. This allows us to study the mechanical properties
that include strain and lattice perfection helping us to a greater understanding of dilute

nitrides.
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Figure 5.4: Raman spectra of the nitrogen LVM at increasing hydrostatic pressure at

room temperature.
The nitrogen LVM frequency and as well as other phonon peaks in this thesis, was

derived by fitting a Gaussian line shape to the experimental data. This data was plotted

as a function of pressure and is shown in figure 5.5.
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Figure 5.5: Raman shift ofthe Ga-N-like phonons ofthe nitrogen LVM.

The calculated fit parameters of the data points in figure 5.5 are presented if table 5.2

with corresponding values for GaN and ¢ «aso.91580.085.

Sample Mode G0 (cm ) a (cm *GPa *) P (cm *GPa2)
GaP0.979N0.021 LVM 499.9 + 0.982 7.48 £0.443 -0.027 £0.041

GaN [14] TO 531.7 3.9 -

GaN [14] LO 736.5 4.4 -

GaAs0.915N0.085

[11]

LVM 476.1 10.7 1.692

Table 5.2: Fit parameters for GaP0.979N0.021, GaN and GaAs0.915N0.085.
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Comparing the pressure dependence of the LVM of GaP . Ny to previous TO modes
studies of GaAs|.xNx [11] and wurzite GaN [14], the LVM is considerably larger than
that of the TO mode of GaN but is weaker than that of GaAs|xNx. This still indicates
that the LVM does not show a GaN- like behaviour.

5.3.3 Mode Griineisen parameters
Using equation 2.31
B,x
Vi = Equation 2.31
Oy

It is now possible to calculate the Griineisen parameters for the TO and LO GaP-like
phonon modes and the GaN-like phonon mode of the LVM using the values in tables
5.1 and 5.2. For the GaP; N, sample, the bulk modulus was assumed to be the same for
GaP at 87.4GPa [15]. In real life, this is not true as the incorporation of nitrogen into the
sample could change the bulk modulus. The following Griineisen parameters are

presented in table 5.3.
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Sample Mode Griineisen
parameter
GaPo.979No.021 TO 0.962 + 0.058
GaPp.g79Ng.021 LO 0.876 + (.049
GaPy 979Ng.021 LVM 1.307 £ 0.077
Bulk GaP TO 1.117 +0.033
Bulk GaP LO 0.983 £0.024
GaN [14] TO 1.47
GaN [14] LO 1.2
GaAs [11] TO 1.17
GaAs [11] LO 1.09
GaAsg915No.oss [11] TO 1.223
GaAsgoisNoosgs [11] LO 1.039
GaAsgo15Nooss [11] LVM 1.692

Table 5.3: Griineisen parameters for GaPgg79No 021, bulk GaP, GaN, GaAs and
GaAsg.o15Np.08s.

The variation of the bulk modulus with nitrogen concentration is not known and the use
of a common value for both the binary and ternary materials may be a rough
approximation in the calculation of the Griineisen parameters. This is one source of
error together with the inaccuracies in pressure and peak frequency determination for
each spectrum.

Comparing the Griineisen parameter obtained in chapter 4 for bulk GaP, the
parameters for the optical phonons in GaP Ny appear to be considerably smaller in the
ternary GaPgo79Nog21 than in the binary GaP compound. Due to this and with previous
stated errors in mind, there is no significant change in the pressure behaviour of the

GaP-like phonons due to nitrogen incorporation.
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5.3.4 Anharmonicity

With the knowledge of the pressure induced shift of the LVM, we can calculate the

anharmonicity of the GaN bond potential using equation 2.36 from chapter 2.

dD _ 327Z'?'C2m(%)0 'd(/l—l)

— = Equation 2.36
db ‘/gao(Sn +2812) dpP

With the corresponding measured data and literature values the anharmonicity value for
the LVM is 7.03*10""Nm™ while the corresponding values for GaN and GaAs; Ny
[11,14] are 14.5°10"”Nm™ and 78.4*10"Nm™ respectively. In agreement to previous
work [14], the measured anharmonicity supports the overstretched character of the Ga-
N bond.

One thing that is surprising, which is not understood, is that the anharmonicity
of the Ga-N bonds in the GaP, Ny is smaller that in the GaAs; (Ny. The exact opposite
would be expected to occur due to the atom size of P being smaller than that of the As
atom. The results imply that there is a smaller local tensile strain in the vicinity of the
nitrogen atoms in GaP| (N, than in GaAs|.xNx.

Another consideration is the electronegativity of P which is also smaller than
that of the As atom. Taking this into account, it can be speculated that the reduction in
bond anharmonicity is not only governed by the same difference in atomic size but also

affected by the difference in electronegativity between the two group-V species in the

crystal.
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5.4  Conclusion

In this chapter, the pressure dependent Raman scattering measurements of the
vibrational properties of GaPyg79Ngg21 have been presented and compared to the bulk
GaP investigated in chapter 4. The GaP; Ny sample has been studied up to 20GPa
while the nitrogen LVM has been studied up to approximately 10GPa before the signal
became too weak.

The Griineisen parameter obtained from the analysis of the pressure dependent
phonon frequency for GaP,.(Ny indicates that nitrogen incorporation of 2.1% has little
influence on the pressure behaviour of the host phonon modes of the GaP. The results
have also shown that the LVM of the nitrogen atom is qualitatively consistent with that
in previous work of GaAs Ny indicating that in both ternary materials the GaN-like

modes do not actually show any GaN-like behaviour under pressure.

5.5 Further work

Much further work is possible on dilute nitrides especially looking at the incorporation
of nitrogen into GaP. In this study, only one sample was studied which had a percentage
of 2.1% while further studies of other different percentages of nitrogen would yield
more resulis and give a better understanding of the behaviour of nitrogen in GaP.
Although the GaP Ny sample was measured up to pressures of 20GPa, it was
only possible for the LVM to be studied up to 10GPa before the signal to noise ratio
became to large and the background swamped the Raman scattered light. Further work
could be achieved by using the new Raman system which could provide clearer spectra
at higher pressures due to lower energy photons. This may also provide more
information on the anharmonicity of the GaP;.\Nx and would help to explain why there
is a smaller value for the anharmonicity than expected. It may turn out to be wrong or

could even be proved to be right.
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Chapter 6: Vibrational properties of GaSb; N, under

hydrostatic pressure

6.1 Introduction

Dilute ITI-V nitrides such as GaSb, Ny have emerged as a new kind of material, having
the potential for the fabrications of high power laser devices and applications such as
LED’s that operate in the long wavelength region [1]. Due to the paucity of suitable
materials that can operate in the mid-infrared region of 2-4um [2] GaSb; Ny is a
promising candidate for such a role however the incorporation of nitrogen in to the
GaSb <Ny system is the most challenging. GaSb nitrides have been grown either by
molecular beam epitaxy (MBE) [3-4] or MOVPE [5] although it has been discovered
that with increasing nitrogen content, a major degradation of the material occurs [6].
Despite this, the benefits of dilute nitrides and GaSb,.(Ny outweigh the problems due to
a considerable reduction in the energy bandgap.

Theoretical ab initio pseudopotential calculations by Belabbes et al [7] predicted
a larger bandgap reduction in GaSbi Ny than in As-based nitrides systems due to a
larger atomic size and electronegativity differences between N and Sb in comparison to
N and As. This has been seen in a number of GaSb, N, studies [8-10] which have
shown that the replacement of a few percent of nitrogen atoms into GaSb results in a
decrease of both the intrinsic bandgap and the lattice parameter of the crystal [11-13].
The reason for this is due to the nitrogen atoms being small in comparison and that they
are highly electronegative and isoelectronic. This enables the bandgap of GaSb; Ny to
be tuned to a particular energy for optoelectronic applications.

Figure 6.1 shows the calculated bandgap variation as a function of nitrogen
incorporation for GaSb,.«Ny alloys taken from reference 4. Figure 6.1 clearly shows the

variation of bandgaps in this dilute nitride which highlights the benefits of studying this
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material and why more research should be performed in understanding the

incorporation of nitrogen.

700, GaN Sb
600 21m
| 500 -
% 400 3Mn
‘ »
§ 300
5Mn
200 -
8 Mn
100 12 Mm

| J o+

O -‘J___._]'.,v Lot Lon
000 0.01 002 003 004 0.05

x (GaN SbJ

Figure 6.1: Calculated bandgap of GaSbi_xNxas a function of nitrogen concentration [4]

The group Ill-antimonide nitrides have received much less attention compared with
GaSb as highlighted before but this can change with the use of Raman scattering
techniques to help us understand more about the structural properties such as strain and
lattice perfection. It appears that no studies exist for the use of the Raman technique on
GaSbuxNx, especially at high pressure. For instance, a recent review by Vurgaftman et
al [14] on nitrogen incorporated into semiconductors highlights the lack of experimental
results of GaSbi,,xNx. This fact has been recently been corrected by work carried out at
QinetiQ who have published a number of papers on the band anticrossings in GaSbi.xNx
[15], bandgap reduction in GaSb| xNx due to an anion-mismatch [4] and various work
on the growth of dilute GaSbi xNx by plasma-assisted MBE [3]. These papers contain

little optical research, mainly using FTIR and so present a perfect opportunity to

conduct Raman studies.
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It is stated that in dilute nitrides, the substitution of a highly electronegative
nitrogen for a few percent of the host atom results in the formation of a highly localised
resonant band close to the conduction band minimum [3]. The result of these unique
properties are formed due to the nitrogen large covalent energy and electronegativity
which give rise to short III-V bond lengths and significant distortion to the alloys [4].
Even thought Klar [16] talks about the incorporation of nitrogen into GaP, it would be
sensible to talk about the same effects happening in GaSb,<Nx.

Previous Raman measurements up to GaSb phase transition at 7.65GPa were
measured back in the 1980’s by Aoki et al [17]. They have studied the dependence of
Raman frequencies and scattering intensities at pressure for GaSb. The results from this
paper will be a vital resource to compare the phonon modes observed in GaSb,.«Ny and

how these change as a function of pressure.

6.2 Experimental procedure

The GaSb.Ny sample studied in this chapter was an epitaxial layer of GaSbgoss Noois
grown on a (100) undoped GaSb substrate by MBE at the QinetiQ Malvern site by
Louise Buckle and co-workers. The epilayer thickness was 0.25um and the nitrogen
content was derived from x-ray diffraction data and calculated to be 1.5%. For the GaSb
substrate, this had a thickness of 1.50pm.

As in chapter 4 and 5, the sample was thinned to a thickness to about 30pum thick
by polishing most of the GaSb substrate away using fine diamond paper. At 30um thick,
the sample still had some of the substrate attached to the back of the epilayer, however
it does not cause any problems due to the backscattering geometry of the Raman setup.
The sample was then cleaved to a size of about 50pum and loaded together with a speck
of ruby into the DAC which contains 150pum diamonds.

Raman scattering scans were taken using the new Raman system and the 632nm
laser at pressures from 1 to 8GPa at room temperature in a (100)-orientation. A x(y’,y’)

backscattering geometry was used while a 40x long working objective lens collected the
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light and allowed focusing on the sample surface to be achieved. Due to the location of
the camera in this setup (refer back to chapter 3.1.2 for more details) the positioning of
the sample and ruby was conducted through a back light when the laser light was
blocked off.

Once the hole at the centre of the DAC was lined up with the camera, the laser
light could again be focused on to the surface of the sample. To ensure that the laser
was reflecting off the surface of the sample and that the laser spot was as small as
possible, the Grams software was used to measure the intensity of the laser spot. By
taking one second static scans, the objective lens could be moved slightly closer or
moved away from the DAC. Observing the maximum intensity of the peak ensured the
correct position was obtained.

As the pressure in the DAC only went up to about 10GPa, there was no need for
the use of silicon oil. A mixture of methanol and ethanol (4:1) was sufficient for the
pressure medium. For the calculation of pressure, the same averaging technique used in
chapter 4 and 5 was again used by measuring the ruby PL before and after the Raman
scan. A 15 minute time period was again applied after each step increase in pressure to

ensure that the pressure, sample and cell movement was still within the DAC.

6.3 Results and Discussion

6.3.1 Phonon modes

The first task was to collect Raman scattering measurements of the GaSb (p-type
1.2°10"") reference sample. The spectrum of this sample is given in figure 6.2 and it
shows strong scattering from the LLO phonon line as expected in this geometry. The TO
phonon is still seen, at a lower energy than the LO phonon while there are also a series
of overtones due to the optical phonon modes between 400cm™ and 500cm™. The TO
and LO phonon modes are measured to be 225.35cm’ and 235.35cm™ respectively.
Raman measurements on GaSb provided by Aoki et al [17] provides quadratic

expressions on the TO and LO phonon modes under pressures. At ambient pressure
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their calculated value for the TO mode is 223.6cm lwhile the LO mode is 232.6cm .
Strangely, the reference sample is showing a higher Raman shift frequency than the
GaSb measured in Aoki et al [17]. However this could be accounted for by the fact that
the reference sample used in this chapter is a p-type while no information on the type

used by Aoki et al is given in the paper.

GaSb (p-type 1.2*10 )

LO Phonon

TO Phonon

OWS

Overtones

200 250 300 350 400 450 500

Raman shift (cm")

Figure 6.2: Raman spectrum for reference p-type (1.2X1017) GaSb at ambient pressure.

Figure 6.3 is the Raman scattering spectrum for the GaSbi_xN x sample GaSbo.985No.015.
The nitrogen content in this sample is 1.5% and the spectrum shows the effects of
introducing nitrogen in to GaSb by the shift in the T O -LO phonon lines to a lower
energy (225.09cm | and 232.5¢cm 1 respectively). There has been a reduction in the
intensity of the peaks, a broadening has been observed while similar effects being
noticed in the overtones. Before discussing the overtones, a reduction in the phonon

energy 1is seen in the T O and LO peaks. This is opposite to what is seen in chapter §
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w hich suggests that there is no reduction in tensile strain and therefore no relaxing of

the sam ple.

The spectrum around the region of the overtones (400cm 1 to 500cm 'l) should

contain a nitrogen LV M due to sim ilar results obtained in chapter 5 and other previous

studies. Unfortunately at am bient pressure, this LV M is not seen but if it is present in

the system , it is likely to be hidden beneath the peak seen at 435cm 'l. Hopefully, high

pressure m easurem ents w ill allow the nitrogen LV M to be observed and measured.

GaSbl Nx(x = 1.5%)

TO Phonon
LO Phonon

LVM or Overtones ?

200 250 300 350 400 450 500

Raman shift (cm™)

Figure 6.3: Raman spectrum of G aSbO0985N 0.015at

am bient pressure.

place a piece of the G aSbi.xN x sam ple into the DA C, increase the

resulting pressure-induced phonon

shift. The results of this for

TO and LO phonons are given in figure 6.4 w hich shows various Raman spectra up

a pressure of 7.48G Pa. Aoki et al [17] detected a phase

transition at 7.65G Pa and the
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results confirm this. Due to the errors in measuring the PL of the ruby lines and the
equation used to calculate the value, the phase transition observed in this GaSby_ Ny
sample fits well with Aoki work. It should also be pointed out that the incorporation of
nitrogen could also slightly change the phase transition value.

Figure 6.4 clearly shows the pressure-induced shift in the TO and LO GaSb-like
modes with increasing hydrostatic pressures. At 7.48GPa, the phonon peaks are no
longer visible which gives a good indication of a phase transition. The absolute and the
relative intensities of the TO and LO modes shows (although not clearly seen in figure
6.3) an irregular behaviour. There are several reasons for this but the main reason is the
likely cause of non-constant scattering geometries and the resonance effects due to

pressure induced energy shifts of the electronic states.

50x
| 7.48 GPa
— TO LO
@ N\ s
= 17.18GPa DN 1x
3
g 6.21 GPa N~ 1x
8
> |[5.15GPa N~ 1x
G
c
& |423GPa Jk/\ ix
=
3.64 GPa J\A Ix
2.76 GPa - ol 1x
0.93 GPa 1x
L) L} L} L} I Ll T J L3
200 250 300

Raman shift (cm™)

Figure 6.4: Various Raman spectra of the TO and LO GaSb-like phonon modes of
GaSbo.985No.o1s.
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The Raman scattering m easurem ents at different hydrostatic pressures are plotted as a
function of pressure. These data points are presented in figure 6.5 which shows an
alm ost linear increase in the R am an shift as pressure increases. A closer looks suggests
other wise and that a quadratic fit is m ore suitable to the scattered graphs as the spread
of data points are curved at higher pressures. These fit param eters for the TO and L O
G aSb-like modes are presented in table 6.1 together with com parison data taken for

high pressure Raman studies for GaSb, GaN, GaAs and G aA s0915N 0.085.

265

260 TO Phonon
LO phonon
255

250-j
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Figure 6.5: Ram an shift of the G aSb-like phonons as a function of pressure for the

dilute nitride GaSbo.985N0.015.
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Sample Mode 6o (cm™) o (em’GPa™) B (em'GPa?)
GaSbg.ossNo.o1s TO 22590+ 0.33 538+021 -0.196 £ 0.029
GaSbg.og5Np.015 LO 23458 £ 0.38 549+0.24 -0.220+0.033

GaSb [17] TO 223.6 4.67 -0.11
GaSb [17] LO 232.6 4.56 -0.12
GaN [18] TO 531.7 3.9 -—
GaN [18] 1L.O 736.5 4.4 —
GaAs [19] TO 268.4 422 1.17
GaAs [19] LO 2912 425 1.09
GaAso.915Ng.085
TO 266.3 433 1.223
[19]
GaAs.915No.08s
LO 2874 3.97 1.039
[19]
GaAso.915No.oss
LVM 476.1 10.7 1.692
[19]

Table 6.1: Data fit parameters of the pressure-induced phonon modes of GaSbg.ozsNo.o1s,

GaSb, GaN, GaAs and GaAsg.o15No.o0ss

The fit parameters of oy and a for the GaSbh optical phonons are considerably larger in
the ternary GaSbg.og5sNo015 than in the binary GaSb compound investigated by Aoki et al
[17]. The Raman shift at ambient pressure is measured to be at a higher frequency
which confirms that there is no reduction in the tensile strain for GaSbg.ogsNp.ois.

Although the values are considerably higher than GaSb, they are even greater than the
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values calculated for GaN [18]. With this in mind, and from studies on GaAsp.915No.085
[19], due to the experimental accuracy there is no significant change in the pressure
behaviour of the GaSb-like phonons due to nitrogen incorporation.

The experimental errors that are used for the determination of the fit parameters
are greater than the ones indicated in table 6.1. This is due to inaccuracies in the
pressure determination and peak frequency for each spectrum. It should also be stated
that the Raman shift values obtained for GaSbgogsNogis at ambient pressure are
somewhat lower than the fit parameters suggest. This is more true in the LO phonon
mode which explains why 5.49GPa was calculated for the o parameter rather than being

closer to 5.56GPa measured for GaSb. This would need investigating,.

6.3.2 Nitrogen local vibrational mode

The nitrogen local vibrational mode for GaSbggssNoois was studied under increasing
hydrostatic pressures and a selection of Raman spectra is presented in figure 6.6. The
figure shows a peak, around the 440cm™ mark which moves towards higher energies as
pressure increases. When a Raman spectrum was taken of the GaSb, Ny sample at

ambient pressure (Figure 6.3) it was unknown if this peak was the LVM or overtones.
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100x 3.2 GPa
100x 2.77 GPa
©
, 1.48 GPa
& 100x
©
)
C 100x 1.03 GPa
0.93 GPa
100x

LVM or overtones?

350 400 450 500

Raman shift (cm')

Figure 6.6 : Raman spectra for GaSbo.985No0.015 at various hydrostatic pressures in the

region of the expected nitrogen LVM.

Figure 6.6 clearly shows that the unknown peak is pressure induced but is very weak
and so is magnified by 100x. Due to this intensity weakness, only a limited number of
Raman scattering spectra was able to provide any clear peaks that could be measured
and plotted as a function of pressure. Additional peaks that could possibly be other
features were also recorded too but again due to the weak intensity, unfortunately only a
handful were measured. Figure 6.7 shows the Raman shift as a function of pressure for

the region where the nitrogen LVM might exist.
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Figure 6.7: Raman shift as a function of pressure for the GaSbg ¢gsNp 015 sample in the

region of the expected overtones and nitrogen LVM

Figure 6.7 shows the possibility of three peaks which could be the 2TO, 2LO and the
nitrogen LVM. However, figure 6.7 does not confirm this as the red and black points
are too few to make any conclusion from them. This leaves the blue points which have
been measured up to about 6.4GPa. There is a large gap between 3.4GPa and 6.4GPa
which is a slight problem however, the fit parameters for the blue points are given in
table 6.2 and present some interesting results. It should be noted that the Raman shift
for these points is around the location of the nitrogen LVM and there is a high

possibility that this peak could be it.
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Sample Mode o) (cm'l) o (cm‘lGPa'l) B (cm'lGPa'z)

GaSbg.9s5No.015 LVM 433,19 = 2.31 14.17 £ 1.94 -0.936 % 0.291

Table 6.2: Fit parameters of the possible nitrogen LVM of GaSbgossNog15.

The results show that the peak, which is assumed to be the nitrogen LVM is
considerably larger than that of the TO mode of wurtzite GaN [18] in table 6.1, It is
stronger than that both the GaPgg79Nog21 sample studied in chapter 5 and previous
studies of GaAsgo15Npoess [ 19] and so indicates that the LVM (assuming that it is) does

not show a GaN-like behaviour.

6.3.3 Mode Griineisen parameters

The bulk modulus used to calculate the mode Griineisen parameters in GaSbgggsNoois
was 56.3GPa [20] and it’s the bulk modulus used for GaSb. As the variation of the bulk
modulus with nitrogen concentration is not known, a common value of 56.3GPa is used.
It may be in fact that this is a rough approximation in the calculation of the mode

Griineisen parameter using equation 2.3 1.

B,
O-O

Vi = Equation 2.31

The above equations provides the calculated values of the Griineisen parameters for
GaSbg93sNo.015 and are presented in table 6.3 with other Griineisen parameters for GaSb,

GaN, GaAs and GaAsg91sNo.oss.
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Sample Mode Griineisen
parameter
GaSbgossNoo15 TO 1.341 +0.039
GaSbg.ogsNo.ois LO 1.318 +0.044
GaSbg.ossNo.ois LVM 1.841 = 0.137
GaSb [17] TO 1.33
GaSb [17] LO [.21
GaN [18] TO 1.47
GaN [18] LO 1.2
GaAs [19] TO 1.17
GaAs [19] LO 1.09
GaAsgo15No.0ss [19] TO 1.223
GaAsg.915No.oss [19] LO 1.039
GaAsg.915No.oss [19] LVM 1.692

Table 6.3: Griineisen parameters for GaSbg9gsNo 15, GaSb, GaN, GaAs and
GaAsp.915No.085,

The calculated Griineisen parameters for GaSbgogsNoois are consistent to what is
expected. The parameters for the TO and LO phonon modes are very similar to GaSb
and slight differences can be accounted for large errors in the determination of the fit
parameters such as errors in measuring the exact pressure. With the experimental
accuracy in mind, there is no significant change in the pressure behaviour of the GaSb-
like phonons due to nitrogen incorporation. The Griineisen parameter for the potential
LVM, this fits in well with data collected in chapter 5 for GaPy979Nog2; and again in
previous studies with GaAsg915Noogs. It is qualitatively consistent with the GaAs;.xNy

and GaP; Ny indicating that the GaN mode does not actually show a GaN-like

behaviour under pressure.
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6.4 Conclusion

The pressure dependent Raman scattering measurements of the vibrational properties of
GaSbg.gs5No.015 have been measured with some success. The GaSb; Ny sample has been
measured up to its phase transition at around 7.4GPa which agrees with previous high
pressure studies. The fit and Griineisen parameters obtained from the analysis of
pressure dependent phonon frequency shift indicates that in GaSb,.«N; the nitrogen has
little influence on the pressure behaviour of the host GaSb lattice. Even though the
LVM was not fully measured, the results provide a good argument that the detected
peak under hydrostatic pressure is the LVM. The fit and Grlineisen parameter are
qualitatively consistent to previous studies on dilute nitrides indicating that the GaN-

like modes in GaSb,.\Nx do not show a GaN-like behaviour under pressure.

6.5 Further work

Future work should be concentrated upon detecting the Raman shift of the LVM at
more hydrostatic pressures. This will allow a better understanding of the mode and
provide more accurate results that can be used to be compared against other dilute
nitrides and GaN. Other GaSb,_,N, samples with a different nitrogen percentage could
also be studied, especially with larger nitrogen content as this should provide a stronger
nitrogen peak which would then be far easier to observe. Finally, with further
measurements on the LVM for the GaSbyogsNogis sample it would then be possible to

calculate the anharmonicity of the GaN bond potential.
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Chapter 7 Vibrational properties of InSb;«Ny under hydrostatic pressure

Chapter 7: Vibrational properties of InSb, N, under

hydrostatic pressure

7.4 Introduction

Indium antimonide (InSb) out of all the binary III-V semiconductors has the smallest
bandgap with a cut-off wavelength of 7pum at room temperature. This is ideally matched
for mid-infrared wavelengths (3-5um) however to reach these longer wavelengths,
nitrogen can be incorporated into the structure. This changes the binary alloy into a
dilute nitride that can access the 8 to 12um transmission band and a small nitrogen
percentage of 1% would reach this goal [1]. Many studies have been concentrated on
dilute nitride alloys for GaAs; Ny and InAs, Ny due to their technological importance
for fibre communications at wavelengths of 1.3 and 1.55um [2-4].

Even though there are fewer studies on InSb; Ny, the first report on the growth
and experimental characterisation was made by Johnson et al [5] and has progressed
through Burke at al [6]. The main problem for the lack of studies in the InSby_(Ny field
is due to the problems in growing samples. There is a difficulty in controlling the
fraction of substitutional nitrogen atoms in the Sb lattice sites [6]. This prevents the
InSb <Ny samples having a nitrogen content of more than 1% [7-8] while the nitrogen
incorporation efficiency is much less compared to GaAs-based dilute nitrides. This and
the accurate determination of its composition [8-9] are still the key issues that require
further research.

As previously stated throughout the chapters, the incorporation of nitrogen into
the crystal structure of InSb modifies the band structure [10], however at this present
time there is a persistent difficulty in growing InSb;«N. Only a fraction of the nitrogen
atoms in the alloy are being substituted onto the Sb lattice sites [5, 11-12] while the

positioning of the remaining detected nitrogen by secondary ion mass spectrometry
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(SIMS) has yet to be determined. Due to the location of nitrogen atoms at sites other
than that of the group-V lattice sites, attempts to use x-ray diffraction to quantify the
effective alloy composition are being hindered [9]. While the incorporation of nitrogen
into the Sb lattice reduces the lattice constant towards the value obtained for InN, the
non-substitutional nitrogen is thought to cause dilation in the lattice [9].

Raman studies of InSb;\Nxy may be of help to this problem as the vibrational
propetties reflect the impurity character of the nitrogen atoms in InSb. In other dilute
nitride Raman studies [9] and in the samples studied in chapters 5 and 6, all have
observed a LVM for nitrogen. If the majority of nitrogen is residing of the Sb lattice,

then the LVM would be observable at a frequency in-line with those seen from GaAs.
N, and InAs|.N;.

7.2  Experimental procedure

The InSb,«Nx sample studied for high pressure Raman measurements was an epitaxial
layer of InSbg 9932No.0068 (n-type 2.3“1018) grown on a (100) undoped InSb (n+) substrate
by MBE at the QinetiQ Malvern site by Louise Buckle and co-workers. The epilayer
thickness was 0.25um and the nitrogen content (0.68%) and was derived from x-ray
diffraction data.

As in the other three results chapters, the sample was thinned to a thickness to
about 30um thick by polishing most of the InSb substrate away using standard polishing
techniques. Although some of the substrate remained on the sample it was not a
problem for the measurement of Raman shift due to the geometry of the way the light is
collected. The sample was then cleaved into small pieces of about S0um which allowed
it to be loaded onto the surface of the diamond in the presence of a speck of ruby dust.
Careful attention was required to ensure that the sample did not touch the sides of the
stainless steel gasket.

Raman scattering scans were taken at pressures from [ to 3.5GPa at room

temperature in a (100)-orientation using the 632nm laser and the new Raman setup

132




Chapter 7 Vibrational properties of InSb.xNx under hydrostatic pressure

(chapter 3.1.2). A x(y’,y’) backscattering geometry was used while a 40x long working
objective lens collected the light and allowed focusing on the sample surface to be
achieved. Similar to other low pressure studies in this thesis, the pressure medium used
inside the DAC was again the methanol and ethanol (4:1) mixture and so silicon oil was
not required.

For the calculation of pressure, the PL of the ruby dust inside the cell was taken
before and after Raman measurements was taken. When the screw on the DAC was
turned to increase the pressure inside the stainless steel gasket, a period of 15 minutes
elapsed before measurements were taken to ensure that the pressure, sample and cell
movement was stationary within the DAC. The PL of the ruby was taken again after the

Raman scan was finished and an average of the two was taken.

7.3  Results and Discussion

7.3.1 Phonon modes

To see the effects of incorporating nitrogen into the InSb crystal structure, a spectrum is
required of the InSb reference sample at ambient pressure. This allows a comparison to
be made with the InSbgg932Noooss sample allowing the observer to see any shift in
Raman peaks of the TO and LO phonons which is a result from the incorporation of
nitrogen. Figure 7.1 is the reference spectrum of InSb and it clearly shows two large
phonons of the TO and LO modes at around 180cm™ and 190cm™. Further along the
spectrum at around 380cm™ are the overtones of the phonon peaks with the 2LO

phonon scattering peak being the most dominant.
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Raman shift (cm")

Figure 7.1: Ram an scattering spectrum of InSb at am bient pressure.

Figure 7.2 shows the Raman spectrum for InSbo.9932N 0.0068 at am bient pressure. The
same number of features can again be seen on this spectrum such as phonon modes and
overtones but there is a new feature at 400cm 'l. It is believed that this is the nitrogen
LV M as it is close to the frequency expected for this system . As expected, this feature is
not seen in figure 7.1 and so one aim of this study 1is to observe the pressure induced
shift of the nitrogen mode (section 7.3.2). This is easier said than done due to the
weakness of the mode and the effect of the DA C in cutting out a large m ajority of the
light. The nitrogen LV M is one of a number of differences betw een the two spectra.
O ther differences are the reduction in the intensity of the 2L O phonon overtone and a

slight decrease in the frequency of the TO and LO phonons.
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The first thing to examine is the measured shifts of these peaks from figure 7.1
and 7.2 which surprisingly are different to what is expected. Comparing to values taken
from Aoki et al [13], the Raman shift of the TO mode has been measured to be
179.7cm™ while for the LO phonon, it is 190.7cm™. The phonon TO and LO modes of
the reference sample InSb was measured to be 185.63cm ™ and 191.34cm’™ respectively.
These values are somewhat higher than InSb,.\N; where the measured TO and LO
peaks were 179.27cm’™ and 186.63cm™ respectively. The initial thought was that the
wrong spectrum and sample had been used but further Raman measurements have
shown that this is not the case.

In section 5, it was reported that the GaP Ny sample was partly relaxed due to a
reduction in the tensile strain. This causes an increase in the energy of the phonon
modes while for this sample the Raman shifts indicate that this is not the case. Both the
TO and LO modes show a reduction which indicates no relaxing of the tensile strain
and the sample not being relaxed.

Checks were also made to ensure that the laser shift was calculated in the final
peak value. The subtraction (as it turned out) was correct, however the fit parameters

may say otherwise and so judgement will be reserved for later.
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Figure 7.2: A Raman spectrum of InSby 993:Ng.006s at ambient pressure with the nitrogen

LVM spectrum being magnified by 50x.

The next stage was to measure the pressure induced shifts of the phonon modes and the
LVM. Figure 7.3 shows a selection of spectra at different pressures for the InSb-like TO
and LO phonon modes. The phonon modes were measured up to 3.56GPa before the
signal disappeared. This is expected as Aoki et al [13] calculated the phase transition to
occur at 3.10 +\- 0.1GPa. Figure 7.3 also shows the pressure induced shift of the TO and
LO modes and how they merge together as the pressure moves towards the phase

transition.
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Figure 7.3: Raman spectra of the InSb-like phonons of InSbo.9932N0.0068 at various

hydrostatic pressures up to its phase transition.

The next step is to plot the TO and LO phonon modes as a function of pressure. Figure
7.4 is a graph of the Raman shift of the InSb-like phonon modes against pressure.
Plotting the Raman shift values against their corresponding pressures allows

observations to be made on the pressure induced shifts of the modes.
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Figure 7.4: Raman shift of the InSb-like phonons of InSb0.9932N 0.0068 as a function of

pressure.

From this graph (Figure 7.4), a quadratic fit can be applied to each set of data that

allow s the fit param eters to be calculated. U sing equation 2.28

cip) —<10 + OtP+ f3P~

Equation 2.28

The calculated values for the TO and LO phonons as presented in table 7.1 including

reference data for InSb and InN. The a parameter for the optical phonons appear to

show a strange variation betw een the TO and LO phonons. The TO phonon is showing

an identical value to the one seen for InSb while the LO phonon appears to be 2cm

'G Pa |l greater than the LO phonon for InSb. Serious questions have to be asked about

this value and it is believed that the source of discrepancy comes from the Raman shift

value m easured for InSbt.xN x at am bient pressure for the L O phonon.

138



Chapter 7 Vibrational properties of InSb Ny under hydrostatic pressure

Referring back to Figure 7.2, the value was calculated to be 186.63cm™". The
InSb value for the LO phonon is 190.7cm™ while the fit parameters calculated that at
ambient pressure, the value should be 188.11cm™, This indicates that the measured
value could be a source of error and a look at figure 7.4 suggests this too as the data
point does not fit in well with the rest of the data.

It should also be noted that the total errors in the determination of the fit
parameters in table 7.1 are larger than the indicated errors from the fitting procedure.
This is due to inaccuracies in the pressure and peak frequency determination for each
spectrum. Therefore with the experimental accuracy, it can definitely be said that for the
TO mode there is no significant change in the pressure behavior of the InSb-like

phonons due to nitrogen incorporation.

Sample Mode oo (ecm™) a (em'GPa™l) B (em'GPa?)
InSbyg.0933N0.0068 TO 180.25 +£0.58 4.84 +0.74 -0.097 £ 0.201
InSbg 9932No.0068 LO 188.11 = 0.56 6.95 +0.72 -0.709 £ 0.195

InSb [13] TO 179.7 5.01 -0.10
InSb [13] LO 190.7 5.11 -0.31
InN [14] TO 439.7 5.81 -
InN [14] LO 591.9 5.96 ----

Table 7.1: Fit parameters of various phonon modes of InSbg 9932Np 0063, InSb and InIN.
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7.3.2 Nitrogen local vibrational mode

Figure 7.5 shows the Raman spectra at various hydrostatic pressures for the region
where the nitrogen LVM is expected. Due to the low intensity of the LVM and that it is
even more difficult identifying the LVM when inside the DAC, often it will be
swamped by background noise of other features. The result from studying these features
with increasing pressure will hopefully separate them as figure 7.2 suggests this will not
be a problem. At pressure, figure 7.5 suggests otherwise showing how difficult it is to

determine the LVM.

3.56 GPa
x20
12 GP
_M
12.75 GPa

2.39 GPa

x10

.93 GP
11,46 GPa X5

x10

10.57 apa

T v T T I T T v 1
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Intensity (arb.units)

Raman shift (cm™)

Figure 7.5: Raman spectra of the nitrogen LVM of InSbg 9932No.q068 at various

hydrostatic pressures.

By plotting the Raman shift measurements as a function of pressure, figure 7.6 is

obtained. A closer inspection to each spectrum gives three different possible peaks. The
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black and red data points are consistent with each other with increasing pressure while
the third (green) is not. The bad news is that the red and black data points have a Raman
shift value that is twice the value of the LO and TO phonons of the InSb-like modes.
Therefore in all probability these data points are not the LVM. In addition, at ambient
pressure, the peak that was thought to be the LVM, (most likely is) has a value of
411cm 1l Unfortunately there are no conclusive results to indicate whether the LVM
shows a InN-like behavior under pressure or not. However, the presence of a single
feature of the nitrogen LVM in Figure 7.2 does confirm that most of the N is being

incorporated into the crystal structure on a single site. It is almost certainly the In being

substituted for nitrogen.

TO overtone
460- LO overtone
N LVM ?
440-
E
o 420
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E
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" 380
360-
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Figure 7.6: Raman shift of the nitrogen LVM of InSb09932N 0.0068 as a function of

pressure.
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7.3.3 Mode Griineisen parameters

The mode Griineisen parameter can be calculated using equation 2.31 and the bulk

modulus value of 47.1GPa [15]

Equation 2.31

These values are presented in table 7.2 for InSbg9932No.00ss, InSb and InN which again

shows strange results. At a first glance, the Griineisen parameter of the TO mode in

InSb.«Ny is less that the InSb while the LO Griineisen parameter is considerably larger

that the LO mode of InSb. However, a closer look at the calculated errors shows no

change in the TO Griineisen parameter and so no significant change in the pressure

behaviour of the InSb-like TO phonon. It can be assumed that the LO will follow suit

however, due to errors stated previously and that no one knows for sure, the actual

value of the bulk modulus in InSb, N, when the nitrogen concentration is 0.68%. As

the bulk modulus is taken as a common value for both the binary and ternary materials

it may be a rough approximation.

Sample Mode Griineisen
parameter
InSby.9932N0.0068 TO 1.265 £0.153
InSbgg932No 0068 LO 1.740 = 0.103
InSbo 9932N0.0068 Lvm |
InSb [13] TO 1.41
InSb [13] LO 1.17
InN [14] TO 1.66
InN [14] LO 1.26

Table 7.2: Griineisen parameters for InSbg gg32No.006s, [nSb and InN.
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7.4 Conclusion

Pressure dependent Raman scattering measurements of the vibrational properties of
InSbho 933N0 0068 have been reported in this chapter. The sample was investigated up to
3.56GPa to its first phase transition confirming previous Raman studies on InSb. The
results are promising but can be improved; even so the following conclusions can be
made. The TO and LO phonons of the InSb-like modes show similar comparisons,
especially in the TO mode and less so in the LO mode. The Griineisen parameter for the
TO mode obtained from the analysis of the pressure dependent phonon frequency shift
indicate that the nitrogen incorporation has little influence on the pressure behaviour.
The LO Griineisen parameter is not so convincing although an argument can be made
about the source of errors that would possibly affect the calculated values.

At ambient pressure, the spectrum shows the LVM of the nitrogen atom which
unfortunately could not be seen during high pressure measurements. The nitrogen LVM
does however confirm that most of the nitrogen is being incorporated into the InSb
structure. The effect of this is still unknown as nitrogen atoms could be (at a lesser
level) being incorporated on other sites. This could be detected by other features or
peaks but they could be obscured under the phonon overtones. To a lesser extent, but
not conclusively, you could argue that the values are qualitatively consistent with values

obtained for GaP; Ny and GaAs;.xNx.

7.5 Further work

The work from this chapter can be further improved in a number of ways. Firstly, more
Raman measurements should be taken of the LO phonon and a closer look at its peak
value at ambient pressure. Once this is done, the calculated values should be more in
line with what is expected and what is seen for the TO InSb-like mode. As the LVM

was not detected successfully at pressure, efforts should be made in detecting this peak
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as it will provide more information on the behaviour of the nitrogen within the crystal
lattice of InSb.

Further measurements would automatically reduce the error; however a correct
value for the bulk modulus should be investigated as it is still unknown if the
incorporation of nitrogen into the structure changes the bulk modulus. Finally, studies
on the sample type of dilute nitride but with a different nitrogen content would be
advisable, but only with a higher percentage as this would give a stronger LVM.
However, a problem at the time of writing this thesis is that with current growth

techniques, only a nitrogen content of less than 1% is possible.
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Chapter 8 Conclusion

Chapter 8: Conclusion

This thesis has reported on the pressure-dependent Raman scattering measurements of
the vibrational properties of GaP, GaPgg79No21, GaSbpogsNoois and InSbo9932No.006s-
The binary sample of bulk GaP was investigated up to 30GPa observing its structural
phase transition (I-II) from cubic zincblende to the Cmcm structure. The phase
transition occurred at around 24.5GPa which confirms previous x-ray absorption
spectroscopy data. The pressure induced shift of the TO and LO modes of GaP was
measured up to this transition allowing the mode Griineisen parameters of 1.12 and 0.98
to be calculated. These fitted in well with other group III-V semiconductor materials
such as GaAs and InSb and differ to pure nitrides of GaN and InN.

The analysis of pressure-dependent phonon frequency shift in GaP. Ny, GaSb,.
«Nx and InSb 4Ny has indicated that the nitrogen incorporation has little influence on
the pressure behaviour of the host phonon mode. In the case of GaP, Ny the a and
Griineisen parameters were found to be considerably smaller while for GaSb, Ny and
InSb«Ny it was the opposite. It is believed that these differences are due to GaP;.xNy
which is thought to be partly relaxed causing a reduction in the phonon frequency due
to a reduced tensile stress. The values are within the experimental accuracy and so there
are no significant changes in the pressure behaviour of the GaP-like, GaSb and InSb
phonons due to nitrogen incorporation.

The nitrogen LVM mode for each nitride sample was measured with varying
success. In the case of the GaP; (N sample, the LVM was measured up to 10GPa
successfully before the signal became too weak. The results showed that the pressure
dependence of the LVM in GaP, Ny is qualitatively consistent with the LVM measured
in GaAs;<Ny. For GaSb Ny a peak in the same region as the expected nitrogen phonon
mode was observed up to 7.5GPa. The results fitted well to those calculated for GaP,.
«Nx and those seen for GaAs,(Ny. Therefore it can be assumed that this peak is the

LVM in the GaSb, N, sample. The remaining LVM was the one observed at ambient
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pressure in InSb.Ny. However, at increasing pressures, the peak could not be detected
and so no conclusion could be made.

Overall, this thesis can be summarised by the following sentences. Firstly, the
nitrogen has little influence on the pressure behaviour of the host phonon modes.
Secondly, the pressure dependence of the LVM in dilute nitrides indicates that in both
ternary materials the GaN-like mode does not actually show a GaN-like behaviour

under pressure.




