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ABSTRACT

This thesis describes the optimisation of the ghooft bulk cubic GaN with low

hexagonal content and with the intention of making commercial substrate for
device applications. The optimised material was tgplied for fabrication of cubic
AlLGa.N/GaN based double barrier resonant tunnelling eli(@BRTD) devices.

The devices with a clear negative differential sesice (NDR) and high
reproducibility are demonstrated.

In the early part of this project, we reported @dgton cubic GaN material with the
variation of IllI/V ratio, growth rate and wafer pien. Using PL and XRD
measurements, we found that all these factorsanfla the increase of hexagonal
inclusions in cubic GaN, leading to poor quality ¢abic nitride growth. This
problem however is more significant when the theadsof cubic GaN is increased.
From the calibration work, a ~pfh cubic GaN layer has been grown for the first
time with a low average proportion of hexagonalusmns of around 10% and just
few percent at the interface of cubic GaN and Gadisstrate. Thus, the interface

would be the most suitable surface for further ghow

Next, we investigated the fundamental propertiexudiic GaN using picosecond
acoustic measurements. In this material, the samathatity is found to be 6.9£0.1
kms?, elastic constant = 285+8GPa and the refractidexrat 400nm = 2.630.04.
Comparison with hexagonal GaN films indicated tieise parameter values differ
considerably in different symmetry of GaN. Thesevshhe usefulness of our layers
for determination of the basic properties of culdaN using a wide range of

techniques.

From the Hall transport measurement, the electpogperties of undoped cubic GaN
samples depend on growth conditions and thicknesthis work, we successfully
demonstrated p-type cubic GaN:Mn using C-doping utgpe behaviour from Si-

doped cubic GaN. However, these samples have hHggtiren density but low

Xiii



mobility as the residual impurities and intrinsiefects were found to be higher

inside the samples.

We extended the technology of growing cubic GaMubic AkGa;«N. A number of
cubic AkGa.xN samples with different Al content,were grown and characterised
by PL measurement. We found that the hexagonalt®tssto dominate whex is
increased, even for thin samples. This could betdule problems of maintaining
cubic ALGa N growth. It could also be due to the miscibiligpgbetween AIN and

GaN. More results and data are required to exptasnbehaviour.

In this thesis, we demonstrated potential cubic Gabétrates for device applications
for the first time. The study on bulk cubic GaN wfed that the interface between the
cubic GaN and the GaAs substrate has only few peafehexagonal content. Thus,
the surface that was in contact with GaAs is thestnsnitable surface for further

processing and growth. Due to the effect of stréim,inclusions and defects were
already formed on the surface. By polishing théaser for ~2 hours, these problems
were minimised and the surface still had low hexadj@ontent. In this work, the

first working InGaN LED device grown on a polishé@e-standing cubic GaN

substrate has been demonstrated. Our polished Gdi\t substrates also improve
the quality of the grown device as been measurediubyinescence and-V

characteristics.

In the last part of this thesis, we investigateé fotential of cubic GaN for
developing cubic AlGa;«N/GaN DBRTD devices. In the first stage of this Wahe
I-V characteristics of the cubic tunnel devices weatkeutated for various band
offset, well width, barrier composition and barrtbickness parameters. From this
work, optimal designs of cubic &a_N/GaN tunnel diodes that could be fabricated
and characterised were proposed. The result wasused as a starting point for the
growth of cubic AlGa xN/GaN DBRTD. A number of cubic Aba.\N/GaN tunnel
devices with different structural parameters werewg. Some devices showed a
clear NDR effect but not all of them are reprodigidue to breakdown of the
device. This factor may also contribute to the proelucibility of wurtzite

(hexagonal) nitride based tunnel diodes in additmthe problem related to charge

trapping.
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CHAPTER 1: INTRODUCTION

GaN and its related alloys are among the most fe@baompound semiconductors
for many varieties of device applications. In factnsiderable advancements in
fabrication technology nowadays have expanded & f#@r many novel researches
in nitride-based structures/devices. As comparedhwo lll-arsenide system, the
nitride ternary alloys have much wider energy bapdgnd optoelectronic devices
based on them can cover almost the entire spaeangle; from infra-red to mid-
ultraviolet (UV). During the last few decades, numes efforts have been made to
produce light emitting diodes (LEDs) and laser é®dLDs) that can operate at
shorter wavelengths with excellent luminescent progs. Quite recently, nitride
based blue LEDs with external quantum efficiencghler than 65% have been
developed [1]. Also, a deeper UV emitting LD witimigsion at 336nm is now
available [2]. These dramatic improvements in dérbased opto-devices have
driven a number of innovations and applications swiid-state energy-saving
technologies, optical data processing and storéigee communication, traffic
signals, mobile backlights, medical operations gewderal purposes, e.g. printers and

scanners.

The large band discontinuity of the AlGaN/GaN hejienction allows GaN-based
devices to give an outppbwer density 5-10 times larger than that of GaAsed
devices. With thehermal conductivity of around 1.5W/cmK, GaN baskVices
could work well at much higher temperature, (typicaip to 200°C). Moreover,
GaN has high breakdown field about 3MV/cm [3] ahi s useful for GaN based
devices operating at high power, especially for lenaimensional structures. For
example, Hoshi et al have developed a high pow&-BBMT with a highly linear
gain of 17dB and a high drain efficiency of 58%adtequency of 2.14GHz and at an
operating voltage of 50V [4].

The group llI-nitrides normally crystallize in theexagonal (wurtzite) phase. A
unique feature of the hexagonal llI-nitrides grosmc-axis is the existence of strong
spontaneous and piezoelectric fields. In AlGaN/Gaterostructures, the fields may



enhance the electron accumulations and increasesffigctive barrier height at the
heterointerface. These effects are beneficial dones device applications, e.g HEMT
[4]. On the other hand, such fields can decreaseterlap of the wavefunctions in
the quantum well and thus reduce the efficiency D and LD devices[5]. In the

case of a tunnel diode, the strong fields may esxecarrier trapping and may lead
to highly asymmetric current-voltage\() characteristics [6]. The internal fields also

complicate the calculation of the tunnelling prdjger[7, 8].

For these reasons, growing llI-V nitride materialson-polar (semipolar) directions
is preferable so that the internal fields can lnaiahted or reduced. Up to now, there
have been several attempts to fabricate non-paldk bexagonal crystals and
templates ora- andm-planes; e.g. [9, 10]. However, their quality i$l $ar from the

best expectation, and they are also costly angtdiffto produce. An alternative way
is growing GaN directly in the non-polar (001) aubdirection. Apart from

eliminating the internal fields, other reasons tinatease the interest in cubic GaN
are the ability to cleave the material on the pedoular {110} cleavage planes and

also the higher electron and hole mobility duagdigher symmetry structure.

Unlike for the hexagonal structure, the growth wibic GaN is more problematic due
to the thermodynamically unstable nature of thacstire. Hexagonal inclusions are
easily formed in cubic GaN, mainly when the thickhmencreases. Therefore,
considerable advances in the growth of cubic resridre required in order to exploit
the advantages of the material in many applicatitigil now, no work has ever
demonstrated a high quality bulk cubic GaN. If tigk cubic GaN is available, we
can use it as a substrate for growing a devicedroctsire thus minimising problems

due to strain and dislocation density.

Due to their advantageous properties, llI-nitridatenials have also been used in
resonant tunnelling diodéRTD) fabrication. In this structure, it is podsibto

observe the fundamental properties of electron wawanelling even at higher
temperature, power and frequency. Moreover, RTD& hhaceived much attention
owing to their negative differential resistance [R)Dproperties, ease of structural

growth and fabrication, and flexibilities in designd circuit functionality.



In general, the quality of RTDs is described by tago of peak current to valley
current (PVR), e.g [11]. Up to now, considerableguess in nitride epitaxial growth
has been made in order to improve the PVR valuearh temperature. If an RTD is
realized in cubic nitride semiconductors, a numifenovel possibilities would exist
for development and exploitation. For example, tadculation of tunnelling
properties becomes more straightforward and tuimgelleffects would be
reproducible as the effect of charge trapping duehe internal fields would be
eliminated. To my knowledge, no work on cubic digribased tunnel devices has
been reported so far, as the growth of such devoes not belong to the “standard”
tasks of crystal growers.

The aim of this thesis is to develop the growthhtexdogy for the cubic nitride
system so that high quality cubic GaN with low hggx@al content is possible even at
larger film thickness. Once this technology hasnbestablished, the bulk cubic GaN
will be processed to make it as a commercial satesfor cubic nitride based LED
devices. The growth technology of cubic AlGaN iscaadopted for developing high
guality cubic nitride based tunnel structures.

This thesis is organised as follows: In Chapteth2, reader will be introduced to
basic properties of cubic and hexagonal GaN. As tihesis is focussing on cubic
GaN, published results and data on growth, optacad electrical aspects of the
material are reviewed. This allows the reader taware of the current development
of cubic GaN. Chapter 3 gives description of thpezimental setups used in this
work and discusses some limitations that had beecoumtered during the

measurements. Chapter 4 presents results and simesion optical measurements
of cubic GaN. From this work, the optimal growthnddions for high quality bulk

cubic GaN is proposed. Once high quality bulk cub&N is successfully grown, it is
practical to investigate the fundamental physicaedpprties of the structure. In
addition to this work, the electrical propertiesanfbic GaN are studied. Chapter 5
reports the processing of bulk cubic GaN to makatd a free standing substrate
and, for the first time, a working cubic InGaN/G&ED grown on the free standing

cubic GaN substrate will be demonstrated.



Chapter 6 briefly presents the theoretical backggdoof the quantum tunnelling
process in RTDs. Since there are no publishedteeand data available for cubic-
based tunnel structures, the progress on develoRifiDs in hexagonal AGa.
xN/GaN will be outlined instead. This allows thedeato understand the problems
associated with hexagonal nitride based RTDs apdeajate the motivation of this
project to grow RTDs in the cubic nitride systenhisTis followed by a presentation
of detailed numerical calculation of the tunnellifg characteristic of cubic Aba;-

xN /GaN double barrier RTD (DBRTD) with the variatiof structural parameters
such as band offset, well width, barrier compositamd thickness. Optimal designs
of the tunnel structure that could possibly be ifatted and characterised will be
proposed. Based on the simulation result, cubi&GaAl,N/GaN DBRTDs are then
fabricated and their electrical properties are istidy |-V measurement. Finally, a
summary of these works together with a number gfjsstions for future research

are presented in Chapter 7.
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CHAPTER 2: INTRODUCTION TO CUBIC IlI-V
NITRIDES SEMICONDUCTORS

It is well known that the basic properties of a sEmductor material are influenced
by the arrangement of atoms, which also affecssaptical and electrical properties.
However, the presence of impurities and defectslénthe material are unavoidable
during growth. This disturbs the atomic arrangememid can affect the optical and

electrical properties of the material.
In this chapter, basic properties of the hexagd@wairtzite) GaN and cubic (zinc-

blende) GaN will be briefly presented. This is do¥led by a review of a number of
published results and data on growth, optical dectrécal properties of cubic GaN.

2.1: CRYSTAL STRUCTURE

In general, the majority of group llI-nitrides eis two different types of crystal
structures; wurtzite (hexagonal) and zinc-blendmbi@. The wurtzite structure is the
thermodynamically stable phase under ambient camdiOn the other hand, zinc-
blende is a metastable structure and mainly fordnerma film is grown on a cubic
substrate, e.g. GaAs and 3C-SiC under carefullyrolded conditions.

The wurtzite structure has a hexagonal unit ceNjrng two lattice constants;andc
while the zinc-blende structure is formed from auyr of cubic unit cells and has a
higher degree of crystallographic symmetry asat8de constants are equal in three
perpendicular directions. Figure 2.1 illustrateg t#rrangement of atoms in the
wurtzite and zinc-blende structures. Clearly, ksitiictures show that each group-lil
atom is coordinated by four nitrogen atoms and vexsa. Nonetheless, the stacking
sequence of closest packed diatomic planes isrelffein the wurtzite and zinc-
blende structures. The configuration of stackingusece for (0001) plane in
wurtzite is ABABAB in the <0001> direction, whiléaeé stacking sequence of (111)
plane is ABCABC in the <111> direction in zinc-btenstructure.



Figure 2.1: The atom arrangement in (a) wurtziie @) zinc-blende structures

The atomic arrangements are different in hexagandl cubic GaN crystal phases.
Hence, the basic physical properties for both sires would be expected to be
different as well, and this will be discussed ia thllowing section.

2.2: BASIC PROPERTIES OF llI-NITRIDES

The basic properties for hexagonal and cubic Hifise materials are shown in Table
2.1 and Table 2.2, respectively. The presentedegahne widely used in many works
so far. As has been mentioned, the difference leetvilee values in hexagonal and
cubic nitride structures is due to the different¢he atomic arrangements in those
phases. As the growth of cubic nitrides is chalieggnd samples for measurement

are rare, there is the lack of some important di&glectron affinities.



Table 2.1: Basic properties of hexagonal GaN, Atd lN at 300K.

Parameters GaN AIN INnN
Energy gapk,(eV) 3.39[1] 6.00 [2] 0.70-0.80 [3]
Electron affinity,x (eV) 4.1 [4] 1.9[5] 5.8 [6]
Effective electron mass| ~0.22my[7] 0.35my [8] 0.07my[9]
Me
Effective hole mass 1.27mp[10] 2.04mp[10] 1.56m, [10]
(heavy),mh,
Effective hole mass 1.27my [10] 2.04my [10] 1.56my [10]
(light), mll,
L attice constama(,&) 3.189 [11] 3.110[11] 3.540 [11]
Lattice constant; (,&) 5.185[11] 4.980 [11] 5.700 [11]
Table 2.2: Basic properties of cubic GaN, AIN anil at 300K.
Parameters GaN AIN INnN
Energy gapk, (eV) 3.20 [12] ~5.10 [12] 0.56 [13]
Electron affinity,x (eV) - - -
Effective electron mass] 0.15m, [14] 0.25my [9] 0.07mp[9]
Me
Effective hole mass 0.80my [10] 1.20my[10] 0.84my [10]
(heavy),mhn
Effective hole mass 0.18my[10] 0.33my [10] 0.16my [10]
(light), mi
Lattice constanta ( 'g\) 4.500 [9] 4.380 [9] 4.980 [9]

Nearly all of these reports have used thin nitdiagers (only fewum) in their
studies. The reason is due to the lack of techiyotog growing high quality bulk
cubic nitrides. Due to its metastable structurgdaamounts of hexagonal inclusions
inside the cubic material are expected even fomiri layers. This results in mixture
phases that commonly lead to a serious problenitiiden crystal growth. For this
reason, no data on bulk cubic GaN and substrates been reported so far. If a
cubic GaN layer is grown on a cubic GaN substrpteblems due to strain and
defects are expected to be reduced. Consequenitly sf the properties of cubic

GaN would be more accurate and reliable. Besidées there is considerable



commercial and scientific interest in cubic nitridkeased devices nowadays and
therefore a high quality free standing bulk culam¢-blende) GaN layer is urgently
required. In this research, we intend to understhadkey factors behind this issue of
cubic nitrides growth. Once this knowledge is watiderstood, the problems of
growing cubic GaN are tackled and high quality bedkbic GaN and a substrate with

low hexagonal inclusions will be demonstrated.

2.3: SUMMARY OF CUBIC GaN RESEARCH

Up to now, many attempts have been made to grolWw bigplity cubic GaN, in
particular to reduce the amount of hexagonal phasehe crystal structure.
Commonly, cubic GaN has been characterised fromicalptand electrical
measurements. In this section, a survey of liteeatlata will be outlined, focusing

mainly on growth, optical and electrical analysig€wbic GaN.

2.3.1: Studies of Cubic GaN growth

It is not easy to initiate the growth of cubic Galherefore, it is necessary to grow
the cubic layer on cubic substrates. To date, c@abdl has been grown on cubic
substrates such as GaAs and 3C-SiC [15-17]. In eosgn to GaAs, the growth of
cubic layers on 3C-SiC substrate has a smallecdattismatch, which is about 3.7%
and therefore low dislocation density in the epabXayer is expected. However,
high quality 3C-SiC substrates are not only cobtly also hard to obtain. Hence,
GaAs is a suitable substrate for nitride fabrigadias it is a low cost and easily
cleaved material even though it has a 20% mismatclubic GaN layers. Moreover,
the main advantage of using GaAs substrates irstogly is the ease of etching the
substrate chemically from cubic GaN layers so tharee standing cubic GaN

substrate is obtainable.

As has been mentioned above, it is difficult taiate the growth of cubic GaN.
However, it is even more difficult to sustain th@wth of pure cubic GaN without
any hexagonal inclusions forming inside the makefaibic GaN is grown in the

[100] direction. Due to thermodynamic instabilitiegacking faults in cubic GaN



structure may lead to the formation of hexagonalusions on (111) planes of cubic

GaN [18]. However, a precise explanation for thekdviour is still not available.

In many reports, the percentage of hexagonal ifatgsin cubic GaN is determined

by X-ray diffraction (XRD) measurement, e.g. [18he authors had observed the

XRD integrated intensities of the [002] cubic Gadbk and the [Jj)l] hexagonal
GaN peak to estimate the percentage of hexagorsdlisions in cubic GaN.
However, it should be noted that the peak at ~B&f telates to the hexagonal GaN
could also be the result of (111) cubic GaN stagkiaults. In earlier work at
Nottingham, the average percentage of hexagondlsions in a bulk cubic GaN

was found to be 10% by Nuclear Magnetic Resonaldt#R) measurement [16].

So far, cubic GaN samples have been grown usirigreift growth techniques such
as hydride vapour phase epitaxy (HVPE), metal aogamapour phase epitaxy
(MOVPE) and molecular beam epitaxy (MBE). In 1998uchiya et al. [18]

investigated the dependence of hexagonal fracttoMAPE cubic GaN thickness
was increased. From their observation, the samguieahhexagonal fraction of about
10% at um thick and increased to approximately 40% atmiOFrom this study, it

was showed that the hexagonal inclusions in culatl Gcrease with thickness.
Therefore, it is important to optimise the growiwrameters for cubic GaN so that

the amount of the hexagonal inclusions in the c@adl can be minimised.

Up to now, many studies reported that the amourttexdagonal inclusions varies
with different V/III ratio, growth temperature, amggowth rate. The growth diagram
with the variation of V/IlI ratio is illustrated ifrigure 2.2. This figure shows the
dependence of Ga flux on substrate temperaturedbrc (zinc-blende) GaN, as
reported by Sung et al [19]. It defines three glowggimes at a constant N-flux
(1x10*mbar). The open circles show the growth under Ga-cbndition, where the
Ga droplets accumulate on the sample surface. Osed circles however indicate
that there is no formation of excessive Ga on thiéase. The boundary between Ga
droplets (Ga-stable) and intermediate Ga-stablenegyis marked on the figure. On
the intermediate Ga-stable regime, the Ga-flux stdisfound to be higher than the
N-flux. Therefore, this regime can be further deddinto two regimes that introduce
the N-stable regime. The boundary between thesditomms exhibits that Ga flux is
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equal to N-flux, thus giving V/Ill ratio equivalentto unity (stoichiometric
condition). The growth with higher N-flux is condad below this boundary.

T, 10} .
R Ga droplets
C;E Ga-stable
©
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© 05 F & -
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M 1 i | i [ i [] i 1 i
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Figure 2.2: The growth diagram for cubic GaN groby MBE. Three growth
regimes under Ga stable, N stable and Ga droplete defined with a constant N
flux. The figure was taken from Sung et al [19].

Qin et al. suggested that epitaxy outside the Iskoicetric condition disturbed the
growth of cubic GaN [20]. Similar results had alseen reported by other groups
[18, 19, 21, 22]. Most authors suggested thatrtheease of the hexagonal fraction is
correlated to the surface roughness, which couldugeto higher nitrogen (N) flux.
A surface analysis had been done by Tsuchiya ¢18].and they found that cubic
GaN samples with higher hexagonal fraction haduger surface as compared to
ones with lower hexagonal fraction. Moreover, ibmuGaN was grown with higher
Ga flux then Ga-droplets may form on the surface #nis probably increases the
hexagonal inclusions, as was observed in [19]. &p this mechanism is poorly
understood. Based on these reports, it is suggdsaedubic GaN grows better under
near-stoichiometric conditions. Nonetheless, itaischallenge to maintain this

condition, especially for the growth of bulk cub@aN as the Ga and N fluxes
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change with time. In this work, we tried to findetlsolutions to maintain the
optimum condition of V/III during longer growth dbat a high quality bulk cubic

GaN is possible.

The increase of hexagonal inclusions in cubic Galtha growth rate changes is still
not clearly understood. In fact, data relatinghis subject is not widely reported so
far. Daudin et al. [22] did a comparative studyMBE cubic GaN samples which
were grown on SiC substrates at two different ghorates. From the measurement,
it was found that faster growth increased the hemafbfraction in the sample. In
contrast, Funato et al. [23] reported that the amhofi hexagonal in MOVPE cubic
GaN on GaAs substrate was smaller at higher groatth The discrepancy of both
results could be due to the different substratelsgrawth conditions used; like V/III
ratio and temperature that lead to different am®uwft hexagonal content in the
measured samples. However, more results are relquirelarify this behaviour and

therefore will be demonstrated in this work.

Tsuchiya et al. [18] demonstrated that the hexalgtvaation in HVPE cubic GaN

decreased when the growth temperature increasddeimange of 700-825°C. A
similar result had been observed in a MOVPE cubadNGample [21] within the

temperature range of 750-950°C. The authors of $§agjpested that the migration of
adatoms is inactive at low temperature, and thegzetbere is a weak interaction
between GaN and buffer layer/substrate. Underdtiglition, GaN prefers to grow
in the hexagonal phase. As the temperature inaleabe interaction becomes
stronger and more cubic material would be promat¢a the GaN layer. Surface
mobility now becomes higher and this may reduce #tacking faults and

subsequently decreases the hexagonal fractionanlayer. Nevertheless, further
increase in the temperature leads to higher daearpf Ga and N and therefore
GaN is no longer grown. It should be noted thatdhmight be a possibility that
those authors were not aware of the variation wiptrature distribution across the
wafer during the growth. Such variation could leadca variation of the density of

hexagonal inclusions across the wafer and thergfdr®e investigated in this work.

It should be pointed out that the reviewed repasse limited to study of thin cubic

GaN layers (up to a feywm). This is due to the problem of growing bulk cusiaN,
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which requires the maintenance of optimum growthdamons for longer growth
periods. This is difficult due to the fluctuation§ N and gallium (Ga) fluxes and
temperature with time. Therefore, in this work, weend to find solutions to
stabilise those parameters so that the growth & bubic GaN under optimum

conditions can be sustained for longer periods.

Moreover, most of these studies only rely on on@sueement technique; either
XRD or PL measurements in order to investigate dependence of hexagonal
inclusions in cubic GaN. The problem with this iR is not sensitive to a very

small amount of hexagonal material in the cubic @amHowever, hexagonal PL

gives stronger signal that considerably dominabesdubic PL. Therefore, in this

work, we intend to use both techniques in ordesltserve the increase of hexagonal
inclusions when the V/III ratio, growth rate an@wgth temperature are varied.

Table 2.3 summarises the list of the best repoctdiic GaN samples in different
studies. The table shows that the hexagonal fradtcalready 10% for thin cubic
GaN grown by HVPE and MOVPE. However, it has beemanstrated that there is
negligible hexagonal phase in thin molecular begitary (MBE) cubic GaN
samples [24, 25]. Therefore, MBE is probably thetbmethod to grow cubic GaN
and will be demonstrated in this work.

Table 2.3: The best reported cubic GaN layers grawder optimum growth
conditions in different studies.

Growth Thickness | Hexagonal Growth Growth Total
Method Substrate of GaN fraction temperature rate v/ References
(um) (%) (°C) (um/hr) ratio
HVPE GaAs 5.00 10.0 800 ~2.00 200 [18]
MOVPE 3C-SiC 2.50 ~7.5 850 0.83 500 [26]
MOVPE 3C-SiC 1.00 9.0 950 1.50 1500 [21]
MOVPE GaAs 1.00 10.0 900 3.00 10 [27]
MOVPE GaAs 0.35 10.0 850-900 1.05 25 [23]
MBE GaAs 0.8 <2 710 0.072 100 [24]
MBE GaAs 8 680 0.3 100 [25]
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In this work, the properties of cubic GaN are inigeged through optical and
electrical measurements. Therefore, the subsegeetions will outline the literature

survey for optical and electrical analysis of cuB@&N.

2.3.2: Optical Studies of Cubic GaN

Previously, the optical properties of cubic GaN ddeen studied using various
techniques, like photoluminescence (PL), cathodolestence (CL), Raman
scattering and photoreflectance (PR). In most teptie optical properties of cubic
GaN are observed at low temperature as the effectystal lattice vibrations is

negligible.

Before we go to a further discussion of the rembrtesults on the optical
characteristic of cubic GaN, it is useful for treader to understand a typical PL
spectrum of cubic GaN, as shown in Figure 2.3. §jpectrum was taken from our
measurement. Clearly, there are three peaks thad ¢ attributed to the optical
process in cubic GaN. The origin of the peak al68Y may associate to a free to
bound excitonic recombination at an additional ptaelevel in cubic GaN [28].
Meanwhile, the peaks at ~3.15eV and ~3.25eV arbghiy due to donor-acceptor
(DA) pair transitions and excitonic emissions in cubBaN, respectively.
Nevertheless, these peak emissions may vary ierdift samples and experiments,
as has been reported by various researchers.
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Figure 2.3: A typical PL spectrum for a thin (~08) cubic GaN layer measured at
4.2K. This spectrum was taken from our measurement.

Early CL measurements on a cubic GaN layer repdttatl the emission lines at
3.267 and 3.183eV corresponded to free electromdboloole €A and donor-
acceptor DA) pair recombinations, respectively [29]. Howewbe peak energy for
eA should be doubted as the authors only speculdtedsdurce of the peak by
comparing their data with the results in hexagd@saN [30, 31]. A few years later,
the formation of cubic GaN single crystals (micine) was observed on the surface
of a GaN layer [32]. From CL measurement, the cub&N crystals exhibited the
emission lines at 3.272 and 3.263eV, which wenebated to the recombination of
free exciton (FX) and bound exciton (BX), respesiyv Apart from that, the peak
energy ofDA pair transitions appeared at 3.150eV.
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On the other hand, As et al [24] demonstrated ttateduction of Ga-flux helps to
suppress the formation of micro-crystals, resultmgmooth and uniform cubic GaN
epilayers. In their sample, the peak energies oit@xic andDA pair recombinations
were observed at 3.26 and 3.15eV, respectively. paak intensity of th®A pair
transitions was found to be higher than that of éxeitionic recombinations,
indicating the possibility of a high impurity detysin the sample. The temperature
dependence for the peak at 3.15eV had also be@stigated. As the temperature
increased, a second peak begun to appear at legkegy and subsequently became
dominant above 45K. This shows that tBé pair transitions turned into free
electrons to acceptor level transitiom) as the ionisation of donors increased at

higher temperatures.

In another experiment [28], the PL spectrum foricubaN showed that there were
four resolved peaks at 3.274, 3.178, 3.088 and68Whand no emission signal
above 3.30eV, which would correspond to hexagoradl.(d he first two peaks were
attributed to excitonic an®A pair recombinations in cubic GaN. Both emissions
occurred at the shallow acceptor level)(of around 90meV. On the other hand, the
emission lines at 3.088 and 3.056eV were suggéstedrrespond teAandDA pair
transitions that could have originated from theitoigal acceptor levelH,") at about
212meV. At room temperature, the peak at 3.274elfteshto lower energy
(3.216eV) due to the variation of interband traosg with temperature, which has
been derived from the Varshni empirical equatiasl.[3

Philippe et al [34] identified the peak emission aR265eV as excitonic
recombinations in cubic GaN. This peak howevertstifto lower energy as the
temperature increased. Again, this can be explaimgdthe Varshni empirical
equation [33]. The peak energies[®A pair andeA transitions were also observed
around 3.130 and 3.150eV, respectively. The sigriathe DA pair transitions
however, became less dominant as the temperatareased. This implies that the

DA pair transitions starts to transformgAtransitions at higher temperature.

They also demonstrated that p- and n-type cubic @aNld be achieved by
controlling the 1ll/V ratio. From the measuremethig eA transitions were enhanced

when the cubic GaN layer was grown with lower I[II¥&tio. This showed that the
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acceptor concentration was higher and therefogge-tubic GaN could be achieved
under slightly N-rich condition. On the other hatftk signal of BX recombinations
became important at higher IlI/V ratio, indicatinthe increase of donor
concentration. Therefore, cubic GaN should be growrer slightly Ga-rich
conditions to get n-type behaviour. These obseymatiare consistent with those
reported by As et al. [35, 36].

In 2001, Xu et al studied lightly Magnesium (Mg)p#a cubic GaN epilayers [37].
From the PL spectra, two strong emission lines bedn detected at 3.269 and
[B.15eV and they corresponded to BX recombinatiorkl®A pair recombinations,
respectively. The variation of emission energyeAfwith temperature revealed that
there was one shallow donor and two shallow accdpte@ls in cubic GaN. They
suggested that the Mg and Carbon (C) were thelesatceptors that contributed to
the DA pair transitions at the acceptor level of 144meMwever, they did not

comment on the origin of the second acceptor lat&lmeV.

In another experiment, GaN films had been studieKBD and PL measurements
[38]. There was a weak XRD signal of cubic GaN etteough the spectrum was
governed by a strong signal from hexagonal. ThiDXRsult suggested that cubic
GaN had crystallised in a hexagonal matrix. In,fété authors elucidated that the
weak cubic GaN signal can be due to cubic grainth@tGaN/GaAs interface or

maybe a random contribution from the small cubmusions throughout the films.

In contrast, the emission peak from cubic was nsageificant than hexagonal in the
PL spectrum. This was attributed to the effectigealization of photo-generated
carriers at lower bandgap of cubic GaN. From thespéctrum, it showed that the
peak energy for donor-bound exciton (BX) d»8 pair recombinations were 3.26eV

and 3.16eV, respectively.

Table 2.4 summarises the published data for thieagtroperties of cubic GaN at
low temperature. In general, the excitonic emisgieak (which contains overlapped
peaks from free exciton (FX) and bound exciton (B&jombinations) is observed in
a range of 3.26 to 3.27eV. Due to large full widthhalf maximum (FWHM), FX
and BX cannot be resolved in some measurementssighal ofDA pair transitions

appeared in all experiments because the recombmati state levels that donated
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from doping or impurities is important at low temgkeire. The peak energy fBA
pair transitions in cubic GaN had been reporteldeatween 3.13 and 3.18eV. On the
other hand, it is quite difficult to observe theakeenergy of the free to bound
transition,eAat low temperature since the loosely bound elested donor levels are
less likely to be promoted into the conduction bafide discrepancy of the data
values in different experiments may be caused bgraéreasons. Firstly, it is due to
the variety of the hexagonal inclusions, where sobnead emissions in the
hexagonal GaN may shift the peak emissions in cGlail. This mechanism will be
discussed in more detail later. Secondly, thecktthismatch between cubic GaN
and substrates introduces the strain, which comsglyuforms defects in the cubic
GaN layers. The defects will create some addititexals in the electronic states of
cubic GaN, hence change the position of the peakséons in cubic GaN. A similar
mechanism also takes place when impurities aredotred unintentionally in the

cubic material during the growth.

Table 2.4: The reported optical properties in cubaN at low temperature.

Free Bound Free to DA pair
Method Tem?gatu re Exciton Exciton F(\r/nveH\'Y)I t r:r?;li?ig n transition References
(eV) (eVv) (ev)
(eV)
CL 4 3.267 3.183 [29]
CL 5 3.272 3.263 8.0 3.150 [32]
PL 2 3.260 24.0 3.150 [24]
3.178
PL 6 3.274 15.0 [28]
3.088 3.056
PL N/A 3.260 17.0 3.170 [39]
PL 9 3.265 13.7 3.150 3.130 [34]
PL 35 3.269 12.0 3.150 137]
PL 10 3.260 3.160 [38]

As been mentioned before, hexagonal inclusionsbeagasily formed in cubic GaN.
Thus, even a minimal amount of hexagonal inclusmmgd give a strong PL signal
and suppress the luminescence from cubic matdrn is inconsistent with what
had been reported in Ref [38] but it has been exyartally observed [39, 40]. The
reason is probably due to the fact that hexagoa®l Gan be more easily crystallized
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in a much better structureas compared to cubic GaN and therefore it gives
significant signal in PL spectra. The existencé@tagonal inclusions in cubic GaN
is observed in Figure 2.4. This figure shows PLcspen for a thick (~1.8m) cubic
GaN layer. Obviously, the excitonic emissions irdgonal GaN can be seen around
3.42eV. On the other hand, the overlap of two brsigghals from hexagonal and
cubic GaN appears at lower energy side, which @itB.28eV. It should be noted
that commonly th®A pair transitions in hexagonal GaN also occurs3a25eV and

thus they are overlapped with the signal of exétt@missions in cubic GaN.

In order to address this issue, we also proposbdmacterise our cubic GaN samples
by XRD measurement. Data from both PL and XRD mesasents are then
analysed to observe the evidence of hexagonal abi¢ phases in the cubic GaN
samples. In this work, the dependence of hexaganhision in cubic GaN with the
variation of V/III ratio, growth rate, growth temaeure and others are investigated

by PL measurement.

! The crystal quality of hexagonal GaN in cubic Gzl been measured in [41]
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Figure 2.4: A typical PL spectrum for a thick (~1n9) cubic GaN layer measured at
4.2K. This spectrum was taken from our measurement.

2.3.3: Electrical Studies of Cubic GaN

Adding dopants in semiconductor material is an msse process to achieve
controlled electrical performance in device appimmas. When a dopant is
introduced, the electrical properties in the matewill be changed as the dopant
forms an additional level closer to conduction atemce band. The semiconductor
has p-type conductivity if the level is located ntee valence band (acceptor level),
whereas it has n-type conductivity if the levefasmed near the conduction band
(donor level). The distance of the level from tlaadb can influence the efficiency of
the p- and n-type conductivity in the materialsnes controlling the doping profile
in semiconductor material is required in order twwhiave a variety of device

structures.
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Traditionally, n-type undoped GaN was attributed&zkground nitrogen vacancies
inside the material [42, 43]. However, the presasfc@xygen (O) impurities during
the growth is more likely to be associated to thiemftion of n-type GaN. In this
process, the O atoms may occupy the nitrogen diteag the process and create a
donor level at about 29meV [44]. An optical study Andrianov et al. found that
there was an emission peak in PL spectra that elayerto the presence of O in a
GaN film [45]. As et al reported that without intemal doping, p- and n-type cubic
GaN could be obtained by careful adjustment o¥IHatio within the stoichiometric
growth range [36]. The growth under N-rich and @&&-conditions, which results in
p- or n-type GaN cubic layers had been achievedctwmtrolling the surface
reconstruction using situ reflection high energy electron diffraction (RHEEBt
this stage, N-rich or Ga-rich growth gives differdefect densities that influence the

electronic states in cubic GaN.

Magnesium (Mg) is conventionally used for p-typebicuGaN. However, Mg
dopants shows several disadvantages such as sgieosation, segregation and
solubility effects as they have a large acceptoiz&tion energy and are very volatile
[46]. This degrades the doping efficiency and @aWste quality of the cubic layer
[47]. Another alternative to Mg is Carbon (C), whits similar to nitrogen (N) in
terms of atomic radius and electronegativity. Wi@ratoms substitute for the N

atoms, they may create a shallow acceptor levelehds to p-type conductivity.

In hexagonal GaN, C forms a deep level within tditilden gap and thus results in
an insulating material. On the other hand, C dapédaic GaN layers were found p-
type when grown under Ga-rich conditions with a mmasm hole concentration of

6x10"%cm® and hole mobility of 19cAiVs at room temperature [48]. This report
suggested that the excess Ga during the growthegsoforces the C atoms to be

incorporated at N-sites leading to the formatiop-t¢ype material.

So far, there have been a few reports on Mn dopéd cGaN. Theoretical studies
suggested that the Mn level is too deep in GaN thedefore p-type GaN:Mn is
hardly observed in some experiments [49, 50]. H@aneNovikov et al [51] had
achieved highly reproducible Mn doping in cubic Gae hole density was found
to be about 1cm™ with a corresponding hole mobility of >3000Ws under Ga-
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rich and N-rich conditions. It is important to conf that the p-type behaviour in
cubic GaN is coming from the Mn dopants, not fromntentional doping of the
GaAs buffer layer by Mn or other impurities. Anathssue is to verify that the p-
type doping in the GaMnN layer is associated with M the GaN, but not from
unintentional doping of the GaMnN by other imp@gtisuch as C or Mg.

To clarify these issues, a sample with an additistracture (about 150nm undoped
cubic GaN grown on an insulating cubic AIN layeD{8560nm)) had been inserted
between the cubic GaMnN and GaAs substrate. Thestavansure that the diffusion
of Mn into the substrate was prohibited. The elealproperties of this sample were
compared to the sample without the additional songc It was found that both

samples had similar hole densities and showed @-bghaviour. Thus, the result

indicates that the p-type conductivity arises figim doping in cubic GaMnN films.

Additionally, SIMS measurements for undoped cubaNGand GaMnN films had
also been carried out. From the SIMS result, thatantional doping of O and C
levels were found to be similar for both structufdereover, the doping level of O
and C did not change systematically with Mn coneditn. These results confirm
that Mn in cubic GaMnN is responsible for p-typa@octivity for the film. In cubic
GaN, the ionisation energy for Mn is found to bgragimately 50meV, which is
much shallower than for C and Mg. This shows thati®a preferable p-type dopant
in cubic GaN compared to C.

Commonly, n-type cubic GaN is achieved by Silic&) (doping. In principle, Si

atoms incorporate at Ga-sites and act as shallowrdan the material. As et al had
characterised Si-doped cubic GaN samples throudhBffect measurement [52].

Their analysis revealed that the maximum free sdecand mobility were 5x2fcm

% and 75cfVs, respectively.

Martinez-Guerrero et al [53] demonstrated thatftee electron concentration in Si-
doped cubic GaN increased linearly with Si con@din. The mobility was about
170-50 cn/Vs for doping concentration in the range of 3¥10 4x13° cm™. From
PL measurement, it was found that Dw pair transition dominated the spectra. This

peak however was broadened and shifted towardshighergy when the Si-cell
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temperature was increased. This can be explaingtebfact that the Si donor level
moves closer to the conduction band as the Si cdrat®n is increased.
Consequently, the distance between the donor areptur levels increases and leads

to higher energy emission.

It is well known that epitaxially grown cubic GaNfters from residual strain and
defects due to the use of a non-lattice matchedtsaib. These effects modify the
electrical properties of the samples and leadsatgel data discrepancy in the
literature. Furthermore, these effects are differem different growth methods,
which could influence the electrical characterisifccubic GaN. In this work, we
intend to study the electrical properties of undbpabic GaN samples grown by
different growth techniques. Longer growth opematimay lead to fluctuation in
V/I ratio and temperature. Consequently, the teleal properties of cubic GaN
may also change with thickness. This issue willabldressed in this work. Apart
from that, the doping efficiency in cubic GaN isa@linvestigated by introducing

different dopants in the layer.

2.4: CONCLUSIONS

The discussion so far has summarised the basiepme® and important data for
both hexagonal and cubic nitrides. As this thes@i$es on cubic GaN, the current
state of the art on the growth, optical and eleatrproperties of the structure have
been outlined. In this work, we aim to produce hygiality bulk cubic GaN with low
hexagonal fraction by carefully calibrating the\gtbh parameters such as V/II ratio,
growth rate and temperature at optimum conditiorth\the available bulk cubic
GaN, further investigations of the fundamental ertips of cubic GaN would be
possible. In this work, we also develop a procedorprocess the bulk cubic GaN

sample to make it as a commercial substrate focdeapplications.
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CHAPTER 3: SAMPLE PREPARATION AND
EXPERIMENTAL TECHNIQUES

This chapter presents detailed descriptions of samgeparation and experimental
techniques that were used to fabricate and chaisetesamples. Problems
encountered during the measurements are also dgigedl and discussed. In this

project, most of the work has been carried outiwithe University of Nottingham.

3.1: SAMPLE GROWTH

Previously, in Chapter 2, | have discussed theessalated to growing cubic GaN,
where the growth parameters like V/III ratio, growtte and growth temperature
play the main role in improving the quality of cohmaterials and in particular
reducing hexagonal content. In view of this, spetéghniques are required to

achieve the optimal growth conditions for cubic GaN

In this project, cubic nitride samples were grown(601) GaAs substrates by Dr.
Novikov using molecular beam epitaxy (MBE) Gen-istem. Additional arsenic
flux was introduced to initiate the growth of cullBaN on the substrate. This is
because arsenic is a good surfactant to promotgrtdveth of cubic materials [1, 2].
The CARS25 RF-activated plasma source was usedpfaysthe active nitrogen for
growing the lll-nitride materials. In parallel, tls@urce of gallium (Ga), aluminium
(AD, indium (In), silicon (Si), Maganese (Mn) amdrbon (C) were produced from
conventional solid effusion cells. The growth temgpere was measured by using an
optical pyrometer and the growth rate was calilofaiging a post growth reflectivity
technique in order to measure the sample thickmegs growth time. A further

explanation about this technique can be found]in [3

In this work, we attempt to grow the cubic GaN pls under stoichiometric
conditions. It is difficult to maintain this conatit, especially for long growth times,
because of the following problems; (1) drift of tB& flux due to depletion of Ga

cell, (2) drift of active nitrogen (N) flux as thefficiency of the N plasma become
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unstable at longer growth times and (3) the gradbahge in the heat transfer from
the GaAs substrate to GaN layer as the thickneseases, which lead to a slow drift
of the growth temperature. To address this probldme, MBE system was re-
calibrated for each growth run and several thin Galples were grown for this

purpose.

3.2: PROCESSING CUBIC GaN SUBSTRATES

In the effort to produce free standing cubic GaNss$tates, the first thing that needs
to be done is to remove the GaAs from cubic Galrlayn this work, the samples
(10x10mn3) were carefully mounted on a special ceramic usavg temperature

wax, as shown in Figure 3.1(a). The GaAs substxate placed on the top side and
was removed by a chemical solution bathQFH3PO,. Through this process, free

standing cubic GaN substrates were obtained.

However, the strain due to lattice mismatch betw&alN and GaAs generates
defects near the interface. Therefore, after tlohimg process, the free standing
cubic GaN substrates were polished in order to ventioe defective materials on the
surface. At the first stage of this polishing wotlke cubic substrate that had been
attached to the ceramic plate was mounted on thehpw jig, as in Figure 3.1(b).
Then, the substrates were polished using a clolishiog lap together with SF1
liquid (a chemical-mechanical polishing compoundiclthcontains colloidal silica
particles ~20nm in a caustic solution). The prodssshown Figure 3.1(c). During
this process, the polishing lap and polishing jig eontinuously rotating. The speed
of the rotations is controlled by a speed control@@n top of that, we put some
weights on the polishing jig to increase the pressi the sample on the lap which
increases the polishing rate, but too much pressare lead to cracking of the

sample. The optimum pressure is determined emfpyrica
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Polishing
jig

Speed controller

Figure 3.1: (a) Cubic GaN was placed on ceramited@g low temperature wax. (b)
Free standing cubic GaN was mounted on the polishi (c) The sample was
polished by the chemical-mechanical polishing maehi(d) Free-standing cubic
GaN after polishing.

It is important to use the right parameters in ploéshing process. Faster polishing
with larger weight would crack the sample. On thfgeo hand, slower polishing with
smaller weight would take many hours to remove sam@ometers from the layer.
For this reason, we polished several cubic samplgh different polishing
parameters so that we can find the optimum polgiate for cubic GaN substrate.
From this work, we found that the optimum weightsout 2kg with the optimum

polishing speed at ~2 rpm.

The polishing rate was then estimated. In this wirkee thick cubic GaN samples
were polished. Sample 1 and 2 are cubic GaN samytésa thickness of ~win
while sample 3 is ~1dn. Figure 3.2 shows the reduction in thicknes$hefdamples
as a function of polishing time. Apparently, thetheof material removed increases

almost linearly with time and the polishing rateasighly 3im/hour.
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Figure 3.2: The dependence of the removal of c@aill on polishing time.

3.3: SAMPLE CHARACTERISATIONS

In this work, our cubic GaN samples had been charnged by photoluminescence
(PL), atomic force microscopy (AFM), X-ray diffragh (XRD), secondary ion mass
spectroscopy (SIMS), Hall-effect and current-voitageasurements. Most of the

experiments were conducted at University of Notiamm.

3.3.1: Optical studies by photoluminscence measur@amts

It has been experimentally observed that [4], tealgonal inclusions in cubic GaN
give out strong PL even when present in very smalntities. In fact at room

temperature, the hexagonal PL is much more sigmfi@and the cubic GaN PL is
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negligible in comparison. For this reason, PL measents were carried out at low
temperature so that optical transitions in cubitNGauld be clearly observed and
studied.

3.3.1.1: Sample Mounting

At the initial stage of this work, the samples weareunted onto a copper plate by
using a small amount of GE Varnish (normally used thermally anchoring

electrical wires to solid surfaces and easily reetbby acetone). In order to get
better adhesion, the samples were dried for setetats. The plate together with the
samples was then mounted on a sample holder. Nexsample holder is put into a
cryostat; a piece of apparatus in which low-temjpeeaexperiments are performed
[5]. Before further discussion of the experimertiagls, a brief description of cryostat

operation will be given.

3.3.1.2: Cryostat

In this work, an Oxford Instrument Optistat CF (Bonous flow) cryostat was used
to study the optical properties in cubic GaN atgenatures down to liquid helium
temperature. Figure 3.3 shows the schematic diagrbithe system. The optical

access to sample is via a quartz window.
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Transfer tube entry port

Sample probe Access to vacuum

Sensor

Thumb screws for easy
removal of shroud

Cold finger

Heat exchanger with heater

Sample holder and temperature sensor

Sample space

——Quartz window allows optical
access to the sample

Outer space

Figure 3.3: A modified schematic diagram of Optistantinuous flow cryostat
system [6].

After the sample is mounted inside the cryosta,shimple space and the outer space
are pumped out to reach a high vacuum®iBar. If the vacuum is insufficient, the
system will be hard to cool and the water in thenall be condensed and frozen on
the sample and the optical window, which will seathe light beam shone onto the
sample, leading to noise and misleading results.aVoid this problem, it is
important to ensure that the sample probe is gghtiached to the cryostat and the

vacuum valve has good connection to the pump line.
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After the cryostat was pumped out, liquid He wamnsferred from a separate He
dewar, along an insulated transfer tube to the ftogger of the cryostat. He flow can
be controlled by adjusting a needle valve on tlaadfer tube or on the gas flow
controller. In the cryostat, He flows into a heaclanger (which is thermally

coupled with the sample) and goes out to the Hanatipe in the form of gas. The
heat exchanger is equipped with a thermometer whighs information on the

temperature to a temperature controller unit. Theperature is adjusted by

manually controlling the He flow.

This cryostat is small compared to other convemtiobath cryostat systems.
However, it allows faster pumping down to vacuund awooling due to its size.
Furthermore, the sample is directly cooled by flogvHe, which turns into gas when
it flows out from the system. This makes the caplprocess much simpler. During
the measurement, the incident laser power may eh#mg temperature. However,

this effect is very small and can be neglected.

3.3.1.3: Photoluminescence Measurements

In this experiment, a 355nm frequency-tripled Nd&Aaser was used as the
excitation source. Nomura et al [7] reported that absorption coefficient of a cubic
GaN layer is about 1x®em* at this wavelength, which corresponds to our laEee

reciprocal of the absorption coefficient gives plemetration depth around Qr.

Figure 3.4 shows the experimental setup for therfeasurement. At the first stage
of this experiment, the sample was excited by #serd beam using a small lens.
After that, the photons emitted by the sample veetkected and focused by a larger
lens. It should be noted that the laser spectruatdcionpinge the output data and
therefore a notch filter was used to block therdigit reaching the detector. Next,
the photon signal was transferred to a monochrom#&tocharge coupled device
(CCD) camera collects the signal from the monoclatom and sends it to the

computer for analysis.
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Figure 3.4: A schematic diagram of the PL systehre €xciting source is a 355nm tripled Nd:YAG laard the cryostat is cooled down to
liquid helium temperature.
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Figure 3.5 shows the general principal of the spewtter used in this work. In
the monochromator, the focussed light (A) enteesiiput slit (B). Next, the light
is collimated by the first curved mirror (C). Thellonated light is dispersed
using an adjustable grating (D) and then beingectdd by the second mirror (E).
At this mirror, the light is re-focussed and disest into different wavelengths at
the CCD line camera (F). In this camera, the photilhcharge up the CCD
pixels to capture the image. The CCD camera themearts the image into digital
signals that are subsequently transferred to thmpoter software. The
wavelength that falls at the centre of the CCD caneeselected by adjusting the
rotation angle of the prism. The advantage of utiiegCCD camera in this work

over a detector such as a photomultiplier is thaallows simultaneous data

collection for a large spectral range in each mesasant.

Figure 3.5: A schematic diagram of light dispersiorthe monochromator used
in this experiment. The diagram is modified fror [8

In this work, the laser spectrum was measured &nflli width half maximum

(FWHM) is found to be around 1.65nm. The laser im@arrower than this so,
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therefore, the spectral resolution of the specttemmust be better than 2nm.
The whole system is controlled by Thorlabs Inc.c$@esoftware.

In this experiment, several issues could affecttieasured data. Without extra
caution, the GE Varnish may contaminate the sarspttace during the sample
preparation. As a result, the luminescence fromvtdraish would appear in the
spectrum and mask the required data. Thereforesahnples should be stuck onto

the copper plate with great care so that it will cantaminate the sample.

Moreover, some background noises like dark couwnnfthe detector (which is
unavoidable during the measurement), scatteringement of the optical system
and stray light are always present during the nreasent. To overcome these
problems, these following actions were undertakérstly, the surface of the
measured samples should be cleaned and free fretm Secondly, the system
needs to be isolated from mechanical vibratiorthisa work, such vibration was
coming from the pump. In addition, the optic comg@ats should be fixed firmly
on the optical bench. Finally, the experiment wasducted in a nearly dark

environment.

Sometimes, the collected light may saturate the Q@d@ls. This causes a
saturation that leads to misleading output. To @sklithis problem, the intensity
of the light should be reduced by placing an ation plate in front of the optic
fibre.

3.3.1.4: Micro-Photoluminescence Measurement

In this work, we intend to observe the increasenexagonal inclusions as a
function of depth for bulk cubic GaN. Thereforeremsonably small size of the
laser spot is required in order to obtain the nexflispatial resolution. For this

purpose, a special technique had been introductiekiRL setup.

At the initial stage of this work, a bulk cubic Galdmple was carefully cleaved
so that the edge of the sample will be smooth &itelb measurement. Then, the

sample was stuck on a specially designed holdesha#n in Figure 3.6, using
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GE Varnish. During this process, it is importaneteure that the cubic GaN side
faces toward the air so that the sample is notacomated by the varnish. The

sample was then mounted on the cold finger of thestat.

Top view

Edge of the
sample

Figure 3.6: A schematic diagram of sample mountinghe specially designed
holder.

As was mentioned earlier, the size of the laset sgped should be much less than
the film thickness. To get this spot size, a micbgective mirror was used as it
provides a laser spot with diameter less tham.5Before the measurement, the
sample needed to be placed exactly at the focug pbithe laser spot. This can
be done by adjusting the cryostat and/or the notxjective mirror. The position
of the latter is controlled by a piezo-electric g&ta This work required
considerable care since even very small changdakerpositions will put the
sample considerably out from the focus point. Whies sample was finally
located at the focus point, the system was pumpedied cooled down to He
temperature. Once this was done, the micro-lumerese measurement could be

carried out.
Figure 3.7 shows the experimental setup for the ra¥lieminescence

measurement. In this experiment, a quadrupled N@&YAser withA.=266nm

was used as the excitation source. The laser beamlled through a beam
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expander, where the diameter of the beam becomgsrldut the angular
divergence is reduced in order to get a betterdeed laser spot. Next, the beam
was directed to the micro-objective mirror by a Breglitter prism. Details of the
mechanism for focussing light onto the sample amva in insert (a) of figure
3.7. The photons emitted by the sample travelledutsh the micro mirror in a
similar way but in the opposite direction and restha flip-out mirror. By using
this mirror, the beam can be directed either taraera or to the monochromator.
Using the camera, we can view the laser spot orsdingple, and the picture is
shown in the insert (b) of figure 3.7. Using themachromator, the spectrum of
the sample as a function of depth was measured.d&pth was varied starting
from the point near the GaAs/GaN interface and mgvitowards the
GaN/vacuum interface and the change of depth wasated by a micrometer

screw that was attached to the cryostat.
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Figure 3.7: A schematic diagram of the micro PLi&ys Inset (a): the mechanism for focusing thediewt light onto the sample in the micro
objective mirror. Insert (b): the laser beam shimeshe edge of 20n cubic GaN sample in the cryostat.
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3.3.1.5: Pump-probe measurement

In this experiment, the fundamental propertiesuddic GaN such as sound velocity,
elastic constants and refractive index were ingastd. This work was carried out
using the picosecond acoustic technique. It is wepil technique to study the
fundamental properties of solids for thin epilay@nmsly a few microns thick), and it is
based on the generation and detection of picosedoration strain pulses using an

ultrafast laser.

Before the measurement, an 80nm thick Al film wapasited on the polished side of
the GaAs substrate to act as a hypersonic transdlicen the sample was mounted
onto the cold finger inside an optical cryostat.eTpump beam1E800nm) was

generated from a 40fs amplified Ti-sapphire lagarstly, a probe beam was split
from the pump by a beam splitter and frequency bmllto give a probe beam
wavelength of 400nm. The pump beam was modulat&®@tiz using a mechanical
chopper and its time delay was controlled by a raeal delay line. The beam spot
with diameter of 200m was focused onto the Al surface and the maximxuritagion

density applied was below 10mJfrwhen the pump pulses hit the Al film, strain
pulses were generated as a result of the thernstieekfect in the metal. The bipolar
strain pulses travel from the Al film to the GaAsgbstrate within 20-50ps and the

strain amplitude was ~ T0depending on pump energy.

In parallel, the probe beam passed through a fist@nce delay line to allow for the
time for the acoustic pulse to propagate through dhbstrate. The beam was then
focused at an angle of incidenee= 20° onto the surface of the cubic GaN film.
Next, the probe beam was aligned exactly opposited pump beam. The probe spot
had a diameter less than ®0 with the excitation density below g@'cnf. The
reflected beam from the sample was then detected bglanced photodiode. The
balanced photodiode provides a subtraction of #ileated beam and a reference
beam split from the incident probe beam to reduoesen due to laser power
fluctuations. A phase-sensitive detector (lock+mpéfier) was used to measure the
signal after the balanced photodiode. The datathes transferred to the computer

for analysis. In this work, the measurement waserhiout for different temperatures
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in the range of 4.7 to 300K. The experimental sébuhis measurement is shown in

Figure 3.8.
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Figure 3.8: A schematic diagram of the pump-prolEmasanrement. The exciting source is a Ti-sapphserl@=800nm) and the sample is
cooled down to helium temperature in an opticabstat.
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3.3.2: Surface analysis by AFM

In this work, the surface morphology of cubic Galfhples had been investigated by
atomic force microscopy (AFM) measurements using\aylum Research (Rambo)
system. The advantages of using AFM in this worlerogther techniques, like
scanning electron microscopy (SEM) for example, iapFovides higher resolution
as well as its simplicity in that it does not raguany special treatment such as

metal/carbon coating that can damage the sample.

The basic principle behind the AFM measurementescdbed as follows: initially,
the sample was placed on a piezo-electric scarmage.sThis stage controls the
movement of the sample (on the order of nanometeysyhanging an applied
voltage during scanning. Next, the tip on the ehd oantilever is manually brought
close to the sample surface. If the tip is too €lts the sample surface, it would
crack and at the same time scratch the surfadbidwork, the tip was applied with
constant force, which is monitored by the Igor Br64 software provided by the
manufacturers of the AFM system, which controlswimle system. The resolution
of the system is less than 1nm.

In this measurement, the tip is dragged acrossmpleasurface and the change in the
vertical position (z-axis) reflects the topograptfythe surface. Figure 3.9 shows a
typical mechanism of the AFM measurement. The caéanghe height or vertical
movement of the tip while the sample was moving waxbed by a reflected laser
beam on the backside of the cantilever. The reftebieam then hit a multi-segment
photodiode. In the photodiode, the movement ofileavar and tip were detected and

the signal was transferred to the computer progaranalysis.
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Figure 3.9: A modified schematic diagram of AFMidiral picture was taken from

3.3.3: Structural analysis by XRD

In principle, a beam of x-rays is incident on astay and the repeating arrangement

of atoms result in general scattering [10]. Mosatsring results in destructive

interference. However, the x-ray is diffracted dagering at a certain angle is in

phase with scattered rays from other atomic plawbgh subsequently reinforce to

each other giving constructive interference. FiglBd0 shows the detailed

mechanism of this process. Since each crystal hdifement characteristic atomic

structure, the x-rays are diffracted in a uniquarahteristic pattern.
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Figure 3.10: The x-ray diffraction in a crystal.i§ldiagram is taken and modified
from [11].

In this work, x-ray diffraction (XRD) measurememtgre carried out by Mr. Chris
Standdon at University of Nottingham using a PANag} system. The properties of
cubic GaN samples have been investigated ugii\g scanning. A description of
20/l scanning can be found in [12]. Uniq@é angles for cubic and hexagonal
phases exist, which are normally used to identigyghase presents in GaN samples.
Figure 3.11 shows the reported XRD data for (ajageral GaN [13] and (b) cubic
GaN [14] undeRb/w scanning. The peak intensity of (0002) hexagoral @ccurs
around 35° while the peak of (002) cubic GaN isuacb40°. This result has been
used as a main reference for observing the signatuhexagonal and cubic phases
in our cubic GaN samples through the XRD measurérnmyether with the PL

measurement.
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Figure 3.11: Reported data of XRD for GaN films 2e6um thick hexagonal GaN grown on (111) Si substra8}.[(b) 1.um thick cubic GaN
grown on (100) GaAs substrate [14].
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3.3.4: Compositional analysis by SIMS

Compositional analysis of our cubic GaN samples par$ormed using Secondary
lon mass spectroscopy (SIMS) measurement. The tahyes of using SIMS over
other methods, such as the Auger technique, aresdtssitivity to very low
concentrations of particles10"%cm?®) and faster measurement. The basic principle
of the SIMS technique is shown in Figure 3.12: ghhj energetic primary ion beam
is fired at a sample surface and leads to theiefgsputtering of both neutral and
charged (+/-) particles from the surface. Mostipke$ are neutral and of no interest.
However, the (+/-) particles compose an analytgighal that be measured with a
mass spectrometer. Mass spectrometry reveals iafmmabout the atoms inside the

sample.

Figure 3.12: The bombardment of the sample sutbgcgrimary ions which knock
secondary ions off from the surface. This pictgreaken from [15].

In this work, the SIMS measurements were carried abu_oughborough Surface
Analysis Ltd. The aim was to investigate the exteharsenide diffusion into the
GaN from GaAs substrate. The samples were measueel vacuum, and a liquid
nitrogen trap was used to reduce the backgroumd the system to as low a level as
possible, which is about @m?®. Cs primary ion species with energy of 10keV

were used in this work as they are more sensithagdenide than other ion species.
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3.3.5: Electrical study by Hall effect

The electrical properties of cubic GaN samples wagtermined by Hall Effect
measurement at room temperature. In this measutemenrrent is supplied to the
sample by the current source. Then, a magnetid fsebpplied perpendicular to the
sample, which results in the Lorentz force thatsesucharge to accumulate at one
side of the sample. This leads to a potential diffee across the sample. This
potential difference defines the Hall voltayg, which is measured by a voltmeter.

Figure 3.13 shows the experimental setup for theHEfect measurement.

3

Current
source 1/ T \/
L X I
SampVe/ |

Applied magnetic
field

Figure 3.13: A schematic diagram of the Hall Effesasurement. There are four
contacts at the corners of the sample. The red lghow the Hall voltage across
different points with the variation of current amégnetic field polarities.

There are several problems one may encounter dtinisgexperiment. The most
serious problem comes from poor contacts on thepkanio solve this problem,

Indium wire was used for the contact and a suffityehigh temperature was applied
to the sample to allow the indium to diffuse intee tmaterial. In this case, the
contacts should be placed at the corners of thelgafor better result. Besides, a
non-symmetric shape of the samples could lead ttor en the data. For these
reasons, a number of repeated measurements weatedcaut to improve the

accuracy of the results. The following sectiond dascribe the details of measuring
Hall voltage and resistivity so that the carriensiey and mobility of the measured

samples could be obtained.
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3.3.5.1: Hall voltage measurement

The Hall voltageVy was measured by using the standard van der Paasedure.
From Figure 3.13, there are four contacts at theears of the sample. Eight
measurements of Hall voltages at different poinesenmeasured with variation of
polarities of the applied current and magneticdBel For example, current was
injected from 1 to 3 with a positive (P) magnetald. Hence, the Hall voltage across
2 and 4 will beVysp. With the same current, a negative (N) magneetd fivas
applied to the sample, thus giviNg,n. The same steps were continued for the values
of Va2p Vaon Vase Vasn, Vaip Vaine The differences of the Hall voltages (each Hall
voltage measured at the same current but differeragnetic field) were calculated,
e.90AVz4 = Voup - Vogn. The average of these valu®s, (from AVis, AVsi, AVy4 and
AVy) defines the conductivity of the sample. The samigl p-type ifVy gives
positive sign and n-type if it is negative.

Using the value of the Hall voltag¥, and the thickness of the sampdethe carrier

density in the sample was calculated by

| xB

n=8x|———
qxV, xd

(1)

whereq is the elementary charge (1.602%10). The applied magnetic fiel® is
0.307T and the applied currentjs 0.01mA. From equation (1), the sheet carrier
density is given by

n, =nxd (2)

3.3.5.2: Resistivity measurement

In this measurement, the current was applied fiemdifferent contacts, which were
parallel to each other. For example, current wgectad from 1 to 2J;, and the
voltage across between 4 andV3; was measured. This gives a resistamig 3.

Next, the opposite current polarity; was applied to measure the valuevef and
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therefore the resistance ;34 The same steps were repeated to Raghi, Rz 41,
Ris12 Rssa21, RiszzandRys 32 In an ideal case, the vertical resistarRggica Should
be equal to horizontal resistan&gerizontas HOWeVver, this condition was unachievable
due to the limitations in the experiment. From theservation, the error in this
measurement was found to be less than 3%, showiasen the setup were already
minimised. After measuring the resistances, theaaeeofR erticas aNd Rhorizontas Were
calculated by

_ R12,34 + R34,12 + R21,43 + R43,21

I:{/ertical - 4 (3)
Rhorizomal - R23,41 + R41,23 Z R32,l4 + R14,32 (4)

Using the values oRerical aNd Rhorizontar the sheet resistances was calculated by

solving the van der Pauw equation by iterationiasrgas follow

eX[{ B 7R/ertical j + eX[{ B 7Rhorizontalj =1 (5)
R R

Knowing the value ofR;, the mobility of the majority carrier in the samplvas
calculated. Using the values of the sheet cargisily,ns and the sheet resistance,
R, the mobility,u, of the sample was calculated by

Hm= (6)

an,R;
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3.4: DEVICE PREPARATIONS ON CUBIC NITRIDES BASED TU NNEL
DIODE

In this work, cubic nitride based tunnel devicaistures had been grown by MBE.
The grown device structure is shown in Figure 3Tl next step is that the devices
need to be fabricated to form a number of smallar&suctures. To do this, the
devices have to be etched with in a suitable amdraitable manner. However, IlI-

nitrides cannot normally be simply etched by wethetg as they are chemically
resistant materials. In this work, we used readtveetching (RIE) to etch our cubic

[lI-nitride based devices. This technique usestreaplasma to etch the materials.

The plasma etching is typically qualified by etahiate, etching uniformity, etching
direction and selectivity of the material to behetd. In this work, the etching rate is
approximately 600nm/min. After the etching, we defea Ti-Al-Ti-Au metal layers
on the top of the devices and annealed at 440°@eve-Au-Ni-Au metal layers
was deposited on the bottom contact and anneal8d=4C. A brief description of
the device fabrication is shown in Figure 3.15.sTtabrication process was carried
out by Dr. C. Mellor and Mr. Jas Chauhan.

n-GaN

Al,Gée N

Gah
Al XGELXN

GaN

GaAs
n+ GaAs substrate

Figure 3.14: A schematic diagram of cubig®@#..N/GaN based tunnel diode.
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Figure 3.15: The fabrication process for formingaier mesa-structures for cubic
AIN/GaN based tunnel diode.
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3.5: ELECTRICAL MEASUREMENTS ON CUBIC NITRIDES BASE D
TUNNEL DIODES

In this work, the vertical transport properties apibic nitride based tunnel diodes
were investigated by current-voltageM) measurement. Figure 3.16 shows the
electrical setup for theV measurement. A bias voltage was applied to thécedsv
using a voltage source. In this setup, a potextiap was measured across &20
resistor load to give the current. A digital mutieter (DMM) recorded the voltage
drop across the resistor as a function of applieldage. This raw data was then
calibrated by using Ohm'’s law in order to obtaie tturrent-voltage characteristic

for the device.

Voltage Source

100 [+ «— Load resistc

DMM

100 |+] €«— Load resistc

<4—— Device
(@

7

rounc

Figure 3.16: The circuit diagram folV measurement.

In addition to this work, a conductance measurerhadtbeen carried out on larger

size of cubic based tunnel devices. In this measemnt, the gradient curreﬁt(;j—\llj

as a function of applied voltag¥,was measured using a small modulation from a
lock-in amplifier. From this technique, the gradienrrent can be measured directly
without the interference of background noise. Tibesatic diagram of this

measurement is shown in Figure 3.17.
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Figure 3.17: The schematic diagram for conductameasurement.

3.6: CONCLUSIONS

The description of the experimental tools and teqies used in this project has been
presented. In summary, cubic GaN samples were ghywolecular Beam Epitaxy
(MBE). Next, the cubic samples have been charaetrby PL, XRD, SIMS, AFM
and Hall effect measurements. A brief explanatibrthe fabrication process for
developing cubic nitride based tunnel diodes wassgmted. Finally, the vertical

transport properties of the device have been dudiey |-V and

o]
conductanc ny measurements.
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CHAPTER 4: STUDIES OF CUBIC GaN

The aim of this work is to achieve large thickn@gs to ~5@m) of cubic GaN with

low hexagonal inclusions for use as free-standingssates. Therefore, it is
important to determine the optimal growth condiidor cubic GaN. In this work,
MBE cubic GaN samples were grown on GaAs substisde®) a variety of growth
parameters. After the growth, these samples werearacterised by
photoluminescence (PL), X-ray diffraction (XRD) ahthll Effect measurements.

The data from these measurements are reportedsiottapter.

4.1: STUDIES OF OPTICAL PROPERTIES OF CUBIC GaN

In this work, PL measurement was carried out teeplesthe increase of hexagonal
inclusions in undoped cubic GaN samples with theatian of growth parameters,
including 1I/V ratio, thickness, growth rate andogth temperature. During the
experiment, the top side of the samples were ekditethe laser and spectra from
the samples were measured. In addition to this wedme samples were also

characterised by XRD measurement.

4.1.1: PL measurement on cubic GaN with the variatin of IlI/V ratio

At the first stage of this work, thin, not intemadly doped, cubic GaN films were
grown with similar thickness, approximately 0.80@3um under three main
growth conditions; N-rich, Ga-rich and near stoamédric conditions (with constant
applied nitrogen flux). The growth details are dised as follows: (1) under N-rich
growth: Ga flux is less than active nitrogen fl& fear stochiometric growth: the
Ga flux is slightly larger than the active nitrogend they are almost equal to each
other (3) under Ga-rich growth: the Ga flux is muatger than the active nitrogen
flux and leads to the formation of Ga droplets lbe surface. The growth rate was

0.45um/hour and the growth temperature around 680°C.
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Figure 4.1 shows the luminescence spectra for #mpkes at different growth
conditions. The samples which were grown under i@a-and stochiometric
conditions show three significant well-resolved kgeat 3.10, 3.17, and 3.25eV. It is
difficult to explain the origin of the first peakt 8.10eV. However, this value is
somewhat close to the reported value for a frebaiond excitonic recombination
(e'A) at an additional acceptor level in cubic GaN [Lhe second peak observed
around 3.17eV is almost similar to the reportedrgynéor donor-acceptom)A) pair
transitions in cubic GaN [1, 2]. The third emissjseak is at about 3.25eV and this
peak may be attributed to excitonic emissions ihicuaN [2-4]. Clearly, these
three peaks are well resolved, showing an indinatb high quality cubic GaN
layers. On the other hand, the sample which wasgvmgronder N-rich conditions
shows a stronger and broader peak around 3.23e¥ p€hk is due to the overlap of
two broad lines from excitonic ardA pair transitions in cubic GaN and therefore

causes a shift to lower energy.

There is a very weak signal around 3.47eV that mw@ayespond to donor-bound
exciton P°X) transitions in hexagonal GaN [5, 6]. Detaileddstigation reveals that
the hexagonal inclusions increase if the IllI/V gais far from unity. It had been
demonstrated that higher nitrogen flux results angh nitride surface. As been
reported [7, 8], the surface roughness might becat®d to the increase of the
hexagonal content and this agrees with the resdtgure 4.1. On the other hand, as
the llI/V ratio approaches unity from N-rich sidengreasing the Ga-flux), the
hexagonal content reduces, which suggests that €doN is grown better under this
condition. A further increase in the Ga-flux resulh Ga adatoms that are weakly
bound to the surface and delocalised Ga-Ga mehaihicls [9]. These result in higher
surface mobility that could improve the surfaceldgyaf the sample. Increasing the
Ga flux still further leads to the formation of giets, thus resulting in an increase in

hexagonal content. This is consistent to what leshlmbserved in [9].
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Figure 4.1: PL spectra for different samples grawth different 111/V ratio. There
are three clear peaks that are related to the Emiss cubic GaN. Insert figure
shows the hexagonal related emission around 3.47eV.

One interesting thing that had been observed is $hidy is that the hexagonal
content still gives a signal at all even though dgonal inclusions have a higher
band gap than the surrounding cubic material. Thezeseveral possible reasons for
this behaviour. Firstly, it could be due to thetfdat hexagonal GaN can more easily
crystallize into a better crystal structure witlsdedefects compared to cubic GaN.
Secondly, hexagonal grains may accumulate on thiacguand direct excitation
from the laser gives hexagonal PL. Another poggilg that electron-hole pairs are
directly excited in the hexagonal material, butsth&ecome localised at defects and

recombine to give the hexagonal related emission.

In this work, we also observe evidence of hexagor@itent through XRD

measurements. The XRD data for the sample which grasvn under nearly
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stochiometric conditions is shown in Figure 4.2e&ly, the peak of cubic GaN can
be seen around 40°. However, there is no measusaphal of hexagonal GaN,
which is expected around 35°. This shows that XR[Dat sufficiently sensitive to
detect very small hexagonal content in cubic Gahe XRD measurements on the

other two samples also give the same result.
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Figure 4.2: XRD data for the sample grown nearlgarstochiometric condition.
The sample shows the cubic signal in [002] directiwound 40°. The intensity of
GaAs is coming from the GaAs substrate.

From the measurements, it is obvious that PL is hmowre sensitive to the

hexagonal fraction than XRD for very small incomuosn. This demonstrates the
important point that we cannot rely on only one sugament technique in order to
observe the existence of cubic and hexagonal phasashic GaN samples, as has
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been done in other works, e.g [7]. At this poing thnave demonstrated that cubic
GaN is grown better under near stochiometric growthis result is used as a starting

point for the subsequent growth of thick cubic GaN.

4.1.2: PL results for cubic GaN with the variationof growth rate

It has been reported that the growth rate is on¢hefcrucial factors that could
influence the amount of hexagonal content in cub#&N. However, this subject is
not widely studied and therefore will be investaghhere. In this work, two samples
of 2um thick undoped cubic GaN were grown at differervwgh rates; 0.dm/hour
and 0.8m/hour, respectively. The PL spectra for the sampl® shown in Figure
4.3. It should be noted that the spectra do novgheoee well resolved peaks (as was
observed in Figure 4.1) as the thickness of thecclalyer is increased. This issue

will be discussed later.
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Figure 4.3: PL spectra for the cubic samples gratwtifferent growth rates.

From the figure, it is clear that slower growth &gva broad signal that is due to the
overlap of two broad signals froDA pair and excitonic recombinations in cubic
GaN. The signal of hexagonal GaN is almost unseethe spectra, showing that
there are negligible hexagonal inclusions in thenda. When the growth rate
becomes higher, the emissions that correspondhbim ¢&aN are more resolved but
the signal of the hexagonal GaN is also strongérs Bhows that the hexagonal

inclusions start to evolve when the growth becofaster.

To explain this behaviour, it might be worth comsidg mechanisms that occur
during the growth: It was reported that faster gtodecreases the surface mobility
[10, 11], which leads to the increase in the heragncorporation in cubic GaN. In
addition, it is difficult to maintain the growth kditions for cubic GaN during fast
growth which also increases the probability thatagenal inclusions will grow in

the sample.

61



From the observation, we see that slower growtredgired for lower hexagonal
content in cubic GaN. However, if the sample wasagr over many hours to obtain
a thick layer, there would be problems such asaligpl of Ga and N fluxes. Such
problems also occur even when growing thicker cubalN layers at reasonable
growth rate. Therefore, we try to keep these combtas optimal as possible so that

the growth of hexagonal material in thick cubic Gedh be suppressed.

4.1.3: PL results for cubic GaN with the variationof wafer position

During the growth, a cubic sample is heated up ftbencentre of the back surface.
Thus, the temperature of the centre part of theptais much higher and gradually
lowers towards the edge where it is clipped tohblgler. As the temperature is non-
uniformly distributed across the wafer, the densityhe hexagonal fraction in cubic
GaN might also vary between different positionsoasrthe wafer and therefore this

will be investigated in this work.

In this work, an undoped cubic GaN wafer with timeks of 7.17dm was grown at
680°C. The wafer was then cut into pieces as shawrkigure 4.4(a). The
perpendicular cleave edges of the sample indichigisthe sample is cubic. The
wafer was excited by a laser beam at differenbdists towards the edge, starting at
the centre point. The PL spectra are shown in Eigu#(b). The spectra show a clear
evidence of hexagonal related emission around ¥.4Rat it gets stronger towards
the edge. The origin of this emission could be ttudree-to-bound transitions in
hexagonal GaN [12]. On the other hand, broad Pesliait ~3.25eV may associate to
the overlapped emissions from excitonic emissianscubic GaN andDA pair

transitions in hexagonal GaN [12, 13].
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Figure 4.4: (a) A piece of wafer used for PL measwents (b) Dependence of PL
intensity of hexagonal/cubic signals as a functbenergy at different distance from
the centre part of the wafer. Clearly, the PL duénéxagonal material is stronger
towards the edge of sample.

At the centre, it can be seen that the cubic Pdlngost comparable to the hexagonal
PL. This part of the wafer has higher temperaturgng growth, which leads to
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higher surface mobility, thus resulting in the relon of hexagonal growth in the
cubic sample [10, 11]. Furthermore, higher tempeeatlso increases the interaction
between the cubic GaN layer and cubic GaAs substfid]. Thus, the layer
effectively inherits the cubic ‘mode’ from the stiage. If the growth temperature is
too high then it causes re-evaporation of Ga aratdihs and therefore cubic GaN

can no longer be grown.

Towards the edge, the temperature becomes lowechwtauses lower surface
mobility and thus makes the hexagonal content as®e Further decrease in the
temperature close to the edge leads to furtherctemiuof the surface mobility which
enhances the growth of the hexagonal phase. Hérebgxagonal PL becomes even
stronger and the luminescence from cubic GaN isidenably weaker. At this point,
Ga droplets may form on the surface. The mechahismhich Ga droplet formation
enhances the hexagonal inclusion in cubic GaN tisvetl understood but it has been
experimentally observed [9]. This work shows ttregt tentre part of the sample has
better cubic crystalline quality and therefore ddcae used for further analysis and

processing

4.1.4: PL results for cubic GaN with the variationof thickness

Next, the increase of the hexagonal inclusions Wit variation of cubic GaN

thickness is investigated. In this work, a numbkuodoped cubic GaN samples
were grown near stoichiometric condition with thewgth rate of ~0.dm/hour and

the growth temperature around 680°C. Figure 4.5nshthe dependence of the
hexagonal PL intensity as the thickness of the ccldyer is changed. From the
figure, the intensity of the spectra for thin saespis very weak. However, detailed
investigation found that the samples show the thresks that correspond to the
emission in cubic GaNp(ease refer to Figure 4)land that the signal due to

hexagonal GaN is negligible.

When the thickness increases to #in9 the sample starts to show a broad shoulder

at lower energy around 3.25eV and this maybe duthéooverlap of two broad

% Note that the samples used in section 4.11 andwei@ taken from the centre part of the wafer.
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PL Intensity (arb. units)

signals of excitonic recombination in cubic GaN &l pair transition in hexagonal
GaN [12, 13]. At higher energy, another broad digh@bserved and it is probably
caused by a mixture of various transitions in hexad GaN. When the layer was
grown at ~12.0m, the spectrum is apparently dominated by hexdgoelated

emission around 3.42eV. However, there is a bragdabk with small magnitude
around 3.32eV that could be due to emissions kklaiedefects in hexagonal GaN

[5].

Similar to the previous report [7], the result sisaivat the fraction of the hexagonal
phase in cubic GaN increases with thickness. Whernthickness is increased, the
growth conditions, such as Ill/V ratio, growth radad temperature, change with
time. At this point, the optimal growth for cubi@af$ can no longer be sustained, and

therefore the growth of the stable phase (hexagstats to increase in the sample.
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Figure 4.5: PL spectra for cubic GaN samples witfei@nt thicknesses. The signal
due to hexagonal material is stronger when thekti@ss is increased. Insert figure
shows the large scale for thinner cubic GaN.
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Figure 4.6 shows the XRD data for the 12r0thick cubic GaN sample. The peak in
intensity related to cubic GaN is observed arou@@d #However, there is a small
peak at about 35° that probably comes from hexdgaoksions in cubic GaN or

might be due to the formation of (111) cubic Gaatking faults. It should be noted
that the signal of GaAs is observed; showing theepration depth of XRD is more
than 12.m. Therefore data for the whole depth of GaN idectéd, whereas the
excitation light in the PL measurement penetratdyg a few hundred nano-meters
into the surface. The origin of a small peak irensity at ~37° is not clear at this

stage.

Comparing both measurements, certainly at (@®,0the hexagonal signal is
dominant in the PL while the XRD data shows cubmtenal is dominant. Again,
this confirms how sensitive PL is to the hexagdnattion, particularly when the
thickness is increased. On the other hand, the XR&k that could be related to
hexagonal material is about three orders of madaitmaller than that for cubic,
indicating that the total amount of hexagonal conhte the sample is still small. This
implies that even small incorporation of hexagomalterial near the surface results
in a strong PL signal. Thus, we strongly propose the quality of cubic GaN should
be characterised through both measurements, epdoiahicker layers, where the

hexagonal content becomes higher.
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Figure 4.6: XRD data for 12udn thick cubic GaN. The cubic signal in [002]
direction is observed around 40°. The peak relaigdaAs is coming from the GaAs
substrate.

In this work, so far we have demonstrated thatc@aN is grown better under near-
stochiometric conditions at near the centre of wader where the temperature is
known and at moderate growth rate. By using theakbration results, we

successfully grow thick cubic GaN with low hexagomnelusions, as has been
measured by PL and XRD. Now we will apply theséntegues to the growth of bulk
cubic GaN.

4.1.5: PL results for bulk cubic GaN

In this work, we aim to increase the thicknessuic GaN so that it can easily be

handled and processed thus making it a suitablstrsub for device applications. To



achieve this target, bulk undoped cubic GaN sampie® grown using a special
approach, where two different growth rates wersothiced during the growth. For
the first 1Qum thickness, a cubic layer was grown at a slowée & around

0.4um/hour so that the growth of hexagonal materialdte nearly suppressed. The
growth rate was then increased to +@x@hour in order to build up the thickness of

the sample while minimising the overall growth time

At the initial stage in this work, PL measurementa ~6Qum thick cubic sample
was carried out. Like previous measurements, thesie the sample was excited by
the laser and there was no luminescence that doeldetected, even at higher
energy. This is due to the fact that the penetmatiepth of the excitation light is
limited to 0..um depth and thus the data for whole depth of tH®cclayer is not
measured. In this work, we excited the edge of loulic GaN with tiny laser spot
so that the signal from cubic and hexagonal phases the whole depth could be

observed.

In this work, a ~50m thick cubic sample was carefully cleaved so thamooth
edge was obtained. The sample has cleavage pecptrdplanes (similar to what
had been observed in Figure 4.4a) which confirmas tthe sample is mostly cubic. A
micro laser beam hit the edge surface and the Bttispwere measured for points
between the GaAs/GaN to GaN/vacuum interfaces.r&igwy shows the PL intensity
as a function of energy at different depths. It banseen that there are two small
peaks that probably arise from the overlapped $grfaexcitonic emissions in cubic
GaN andDA pair transitions in hexagonal GaN at ~3.28eV, andssions related
defects in hexagonal GaN at ~3.34eV. On the othedha strong signal which is
due to hexagonal related emission around 3.4eV nies the PL spectra. Further

analysis of the spectra at the peak energy is predén Figure 4.8.
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Figure 4.7: PL spectra with the variation of deth~50um thick cubic GaN
(distances measured from GaAs/GaN interface). Pleetsa are clearly dominated
by hexagonal related emission.

Figure 4.8 shows the increase of hexagonal PLh@tenergy of 3.4eV) with the
variation of depths. Apparently, the intensity emses with thickness and this
correspondingly reflects that the hexagonal indusiincrease with thickness.
However, at further distance towards the edge efstample, the intensity reduces
due to the finite spot size of the laser beam nwpwfi the edge of the sample. The
data from earlier Nuclear Magnetic Resonance (Nkhexsurements [14] found that
the average hexagonal content in our thick cubibl Gamples is about 10%. By
using this result, the luminescence intensity iBbcated in order to estimate the
approximate percentage of hexagonal material in dample as a function of
thickness & detailed description of the PL calibration proced is given in

Appendi}. The result is shown in the same figure. Frors tihservation, it is shown
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that the hexagonal fraction is just a few percdase to the GaAs/GaN interface,
which would therefore appear to be the best sutiacese for further growth. In fact,
even at 50m, the hexagonal fraction is less than 20%, whglmuch better than

some thin layers in earlier works.
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Figure 4.8: The PL intensity of hexagonal (dashed Wwith full-square) and the
percentage of hexagonal inclusion (solid line witl-circle) as functions of depth
for a ~5Qum thick cubic GaN. The point near GaAs/GaN intezfaorresponds to the
start point.

So far in this work, we have successfully demomstia bulk cubic GaN layer with
a relatively low hexagonal content for the firshdi. In this work, we also intend to
investigate the fundamental properties of cubic GaMich is presented in the

following section.
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4.2: THE ELASTO-OPTICAL STUDY ON CUBIC GaN

Up to now, there have been few studies reportetherfundamental properties of
cubic GaN. The limitation arises from the diffiqulof growing high purity cubic
GaN due to its metastable structure. In differeqpiegiments, the published values of
refractive index of cubic GaN are significantly amsistent [15-17]. Besides this,
data on elastic properties in cubic GaN are scamg so far limited to only

theoretical calculations [18].

In this work, the basic elastic and optical projesrof thin bulk GaN (~1m) on a

GaAs substrate were measured using the picoseamubtec technique. The low
temperature values of the longitudinal sound veyocgf:N elastic constant;; and

refractive index,n of cubic GaN are determined. The measurementsakm@
performed on hexagonal (wurzite) GaN for compariséssistance with the

measurement and data analysis was provided by Riof Akimov.

4.2.1: The effect of strain pulse on the reflectity in cubic GaN

At the early stage of this work, the lattice constaf the cubic symmetry of the
GaN, a was measured by XRD and the value is found to.5¢ A. We calculated
the mass of a cubic cell from the molar mass of GaN 5.60x10?°g, which gives
the density of the filmp = 599 g cm>. Next, the picosecond acoustic measurement
is carried out with the variation of temperatureni 4.7 to 300K. The probe signal,

AR(%O (Rois the reflectivity without strain pulses) as adtian of the time delay,

t between the probe and pump pulses had been mdagumv temperature and the
result is shown in Figure 4.9 The propagation ef slrain pulses through the GaAs

GaAs

substrate occurred in a tinig= I/SLA

= 51 ns, whereg, . = 4.8 x 16ms™ is the
longitudinal LA) sound velocity in GaAs and= 245um is the thickness of the GaAs
substrate. For a convenientgz51ns is subtracted to gite0 corresponding to the
time when the strain pulse arrives at GaN layee fieasured signal consists of four

peaks {-4); two peaks 1 and3) have4R(t) < 0 while the other peaks (2 and 4) have
AR(t) > 0. Each peak is separated by the equidistant tineevial At = 193 £ 7ps. In
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Relative reflectivity changes (x107°)

the time intervak = 75-200ps, an oscillatory behaviour is clearlgeted and the
detail is given in Figure 4.10(a).
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Figure 4.9: The change of the reflectivity of thédic GaN film as a function of the
time delay between the probe pulse and the atiiva of the strain pulse at the GaN
film. The peaks labelledl-4 show the strain pulse passing the related intestac

The effect of the strain pulse on the reflectivitfR(t) (as shown in Figure 4.9) is
commonly observed in various materials in earligyegiments. There are two well-
known mechanisms that cause the change of thectigitg, AR(t). Firstly, the
dynamical change of film thickness is induced as slrain pulse passes the film
interfaces. As a result, the interfering probe beaweflected from the two film
interfaces experience a dynamical phase shift. i@#gothe strain in the material
induces modulation of the refractive index. Thisuses coherent Brillouin

oscillations of the probe signal while the strauise propagates between the film
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interfaces. Figure 4.10(a) shows the oscillatorfyadvéour in between 75 and 200ps
that exhibits the Brillouin oscillations when theasn pulse transverses the GaN film,
from one interface to another. Figure 4.10(b) showes Fourier transform of the

temporal signal.
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Figure 4.10: (a) The change of reflectivity frombauGaN film as a function of the
time delay. (b) The Fourier transform of the tengbasrignal.

4.2.2: Measuring sound velocity, elastic constantnd refractive index in cubic
GaN

From Figure 4.9, peaks 1 and 3 correspond to the when the strain pulse passes
the GaN/GaAs interface and peaks 2 and 4 corresfmtite arrival of strain pulses
at the GaN/vacuum interface. The amplitudes ofgauls and 3 withiR(t) < O are
almost identical, showing the negligible incohersnattering at the GaN/vacuum
interface. The difference in amplitudes of the psl2 and 4 withiR(t) > Ois due to
the reflection of the strain pulse at the GaN/Ga#srface. Therefore, the ratio of
the amplitudes for pulses 4 and 2 is equal to #ileativity coefficient,R of the
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longitudinal sound at the GaN/GaAs interface BRhn be calculated using acoustic
mismatch theory given by:

Z GaN __ ZGaAS

2)(

ZGaN + ZGaAS

Z GaN Z GaAs

where and are the acoustic impedances of GaN and GaAs, cesply.

It is well known that the value & ®**°is given byp ®*°g”""*= 2.541 x 16g/cnfs.
The measured value & is 0.24 + 0.01 and from Equation (2), the valuesafind

velocity, Sf:N is (6.9 + 0.1) x1®m/s and the corresponding elastic consteits

GaN

(s )P

GaN js 285+8 GPa. The value fa@i; from this measurement is in good

agreement with the calculated valuecgf[18].

The strain pulse is a coherent excitation of vibratl modes of the crystal lattice
(coherent phonons). Hence, there is scattering detwphotons and phonons that
influences the Brillouin backscattering oscillasoas shown in Figure 4.10(a). This
oscillation is dominated by the momentum conseovael&wKpnonon= -2Kphoton Where

Kphonon @Nd Kphoton @re the wave vectors of a phonon mode in thenspalse and

photon in the probe beam, respectively. Figure ®)1€hows the Fourier spectrum of
Figure 4.10(a) and the oscillation frequenicis found to be 91 + 2 GHz. By using

thisf, the value of refractive index in cubic GaN at lesnperature is derived by:

2
n:[z/‘iaN} +sin’a (3)
q

~LA

where a is the angle of incidence of the probe beam.

Based on the experimentz 400nm and = 20°. This gives1 = 2.63 + 0.04 at 4.7K.

GaN

The thickness of GaN film can be calculatediby g, At = 133+ 004 um.

Furthermore, the dependencengfZN, c11 andn on temperature were investigated.

From the experiment, the measured values did nangdh within the experimental
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error although the temperatur&, was increased up to 100K. However, higher
temperature (above 100K) generates strong acaesditering in the GaAs substrate
that causes the picosecond strain pulse not tohrélae GaN film [19]. For
comparison, a similar measurement was carried outexagonal GaN films (using

sapphire substrates) over a wider temperature range4.7K to 250K. The sound
velocity, S.. for hexagonal GaN is found to be (8.4 + 0.3)%aG" and it does not

depend onT within experimental error. This experiment revetiat the sound

velocity in GaN varies considerably in differenystallographic structures.

4.2.3: The dependence of the refractive index on pton energy in cubic GaN

By knowing a precise value of the thicknesk,from the picosecond acoustic
measurement, the refractive indexand its dependence on photon energy can be
plotted by a standard optical reflectivity measugatn Figure 4.11 shows the
reflectivity spectrum of the cubiGaN film measured at normal incidence at room
temperature. The Fabry-Perot oscillations are kgleabserved and the refractive
index may be derived from the Bragg conditions tfee wavelengthim, at theN™
order of the reflectivity minimaNimir = 2nd.
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Figure 4.11: The Fabry-Perot oscillations in cuBaN film at room temperature.

Figure 4.12 shows the dispersion curve for thevedrirefractive index at room
temperature. This result agrees with the previoyseemental observation at one
energy by precise ellipsometric measurement [18). €omparison, the derived
refractive index from the picosecond acoustic mesment at 4.7K is included. The
derived refractive index at low temperature witle fphoton energf = 3.09eV is

smaller than at room temperature due to the blifeaflcubic GaN band gap whén

decreases [20]. The measured values for elastoabgiroperties in cubic GaN are

summarised in Table 4.1.
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Figure 4.12: The dependence of the derived refragtidex on photon energy for
cubic GaN film at room temperature. The refractivdex increases exponentially
with the photon energy. The derived refractive ndé low temperature is included
for comparison.
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Table 4.1: Elasto-optical parameters for cubic GaNe respective values for
hexagonal GaN are given for a comparison.

c-GaN h-GaN
Density (g/cm) 5.99 6.15
Longitudinal sound velocity,sf:N (6.9£0.1) 8.0[21]
x10%(m/s)
Elastic constant;; (GPa) 2858

287 [18]

Refractive index at 3.09eV
T=300K 2.07+0.04
T=4.7K 2.63+0.04 2.54[22]

4.3: STUDIES OF ELECTRICAL TRANSPORT IN CUBIC GaN

While material quality remains an issue, the dopgmgcess is also important to
improve/modify the conductivity in a semiconductord make it useful for device
applications. Nowadays, doping is required for tautsing p-n and p-i-n junctions
providing carriers for devices such as high elettmobility transitors (HEMTSs) as
well as for creating doped substrate such asubstrate for resonant tunnelling
diodes (RTDs) and laser diodes (LDs). Due to theoitance of doping in
semiconductor devices, we investigate the eledttpicgerties of cubic GaN samples
with the variation of dopants and thickness. Thakns described in the following

section. The samples were measured by Hall Eftectioem temperature.

4.3.1: Electrical properties in cubic GaN with thevariation of dopants

At the early stage of this work, 0.5um thick cuGaN samples, doped with different
types of dopants had been grown by MBE Gen-ll syst8amples 1 and 2 are
undoped samples. Samples 3 and 4 were doped witho€4C) and Manganese
(Mn), respectively, while sample 5 was doped witld&ors. Table 4.2 shows the

summary results for these samples.
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Table 4.2: The electrical properties in cubic Gadmples doped with different
dopants.

. - Carrier .
Thickness of Conductivit ) Mobilit
Sample | hic GaN @m) Dopant (type) y d(i?:%y (cmZ/V}s/)

1 ~0.5 n 6.14 x 16 5.10

2 ~0.8 - n 6.40 x 16 5.85

3 ~0.5 C n 1.46 x 19 2.32

4 ~0.5 Mn p 1.81 x 10 2.33

5 ~0.5 Si n 1.13x 1 3.59

The undoped cubic GaN samples are found to be endyg this is likely due to the
Oxygen (O) impurity that exists in the growth systeThe electron concentration
and mobility for the samples are approximately 6%a®> and 5crmVVs,
respectively. The electron concentration valueoimewhat high and this implies the
possibility of a high density of residual donorsaar samples. However, this has
been typically observed for the case of undopedappemxal GaN [23, 24]. The
mobility of carriers is found to be very low andstimight be due to high impurity
concentration [25] and intrinsic defects [26] thatit the carrier transport properties

in the sample.

Carbon doped cubic GaN also showed n-type charsiiteTechnically, Carbon has
an amphoteric nature where it can be a donor oepor respectively. However,
from our observation, it is suggested that C attend to be incorporated at Ga-sites
in the sample and act as donors. This is perhapdalthe influence of the growth
conditions. The sample has a high electron conagoitr of 1.46x16cm™ and low
carrier mobility of 2.32 cfiVs, respectively. This is expected as high redidua

impurities and intrinsic defects already existhe sample.

In this work, cubic GaN had been successfully dowétd Mn. During the doping,
the Mn atoms serve as an effective acceptor to eosgie high residual donors in
cubic GaN. Therefore, the hole concentration isnébto be around 1.8xiem?.
The sample has low carrier mobility, which is ab@w&cnf/Vs but this is consistent

with what had been normally observed in p-type GaN.
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In other reports, p-type Mn doped cubic GaN witthigkness of 300nm had been
characterised at room temperature. The hole deasd mobility of the sample are
about 16%cm™ and 300cfVs, respectively [28]. This mobility value is mutdrger
than that in our measured sample. It is suggesiatl the difference in growth
methods and conditions used to grow the samples lesd/ to different intrinsic
impurities and defects, consequently affectingaleetrical properties.

Si doped cubic GaN shows n-type characteristich wétrrier density and electron
mobility about 1.137x1cm™ and 3.6cfVs, respectively. From the measurement
on undoped cubic GaN, these values are expectbé ttue to poor quality of the
sample. However, the result is quite comparablaniather experiment by As et el
[29]. They reported that the maximum free electrmoncentration is around

5x10"%cm™ with an electron mobility of 75cffVs.

4.3.2: Electrical properties in cubic GaN with thevariation of thickness

In addition, we study the electrical properties wfdoped cubic GaN with the
variation of thickness. In this work, cubic GaN sd@s were grown by a homemade
mini MBE system at University of Nottingham by 3.V. Novikov. Figure 4.13

illustrates the structures with the thickness @f tibp layerd. The measured values

are tabulated in Table 4.3.

Cubic GaNd

Cubic GaN buffer layer
0.06pum

GaAs buffer
0.15um

GaAs Substrate

Figure 4.13: The sample structure with the varratbthicknessgl.
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Table 4.3: The electrical properties of undopedicubaN samples with different
thicknessd obtained from the experiment.

Thickness of Carrier density Mobilit
Sample GaN Conductivity (cm?) Y
(cm/Vs)
(Hm)
MS-707 0.58 p-type 9.59 x 10 1.46
MS-717 1.20 p-type 1.74x o 1.80
MS-718 27.60 n-type 3.08x 10 2.82
MS-730 30.00 p-type 1.45x 10 12.38

The above table clearly shows that the electricap@rties of the undoped cubic
GaN samples vary with the thickness. The thin samphow p-type behaviour with
a high carrier density but lower mobility. Howevar, previous measurement, the
thin undoped MBE-Gen Il samples showed n-type bielav The difference
between the results is probably due to the diffegeowth conditions in the different
growth machines, which affect the unintentionalomporation of impurities and

intrinsic defects during the growth process.

The sample with the thickness of +27 shows n-type behaviour. Similar to the thin
samples, this sample has high carrier density Wotlh mobility. However, the

~30um thick sample shows p-type behaviour. The vamatb these results can be
explained by this fact: longer growth leads to fliation in Ga and N fluxes as well
as the growth temperature with time. Equally, theféects may change the electrical

properties of the sample.

The mobility values suggest impurity and defectsits in the thin cubic GaN are
also high and this is similar to the case of theBViBen-Il samples. For thicker cubic
GaN, the residual impurities and defects are lowdrich lead to higher mobility.
This is consistent with our previous PL result shawFigure 4.5, where tH2A pair
transitions are weaker as the thickness is incceddfe cannot confirm if there is a
dependence of thickness on the residual carriesitgesand mobility as we don’t have
enough statistics and data to explain this behavidowever, we know that the
samples could be grown under different conditiomsnefor different pieces of the
same wafer (refer to the earlier section on PL mmessent across wafer in section
4.1.3).
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PL Intensity (arb. units)

4.4: PL RESULTS FOR CUBIC AlkGaixN

In this work, some samples of undoped cubigaal N with different Al contentx
and thickness have also been characterised. TaBleshbws the details of the

samples.

Table 4.4: Detailed specification of cubic&k.,N samples with the variation of Al
contentx and thickness.

Sample Al composition Thicknessym)
SN-365 0.0 ~7.400
SN-368 0.0 ~5.967
SN-369 0.1 ~0.500
SN-371 0.1 ~0.502
SN-372 0.1 ~5.860
SN-370 0.2 ~0.482
SN-373 0.2 ~0.485

Figure 4.14 shows examples of PL spectra for cGaibl sample (SN-368) and cubic
Alp .GagN (SN-370). Based on our observation on the opticaperties of cubic
GaN, peak at ~3.26eV is due to excitonic emissarstwo peaks at higher energies
may correspond to emissions in hexagonal GaN. @nother hand, a signal at
~3.97eV in cubic AJ.GagN is unidentified. It might be related to emissiarcubic
AloGagN or hexagonal Al.Ga sgN. However we intend to speculate the origin of

this peak.

70 T T T T T T T T T T T T T T T T T T T T T T T T
10

[ee]

PL Intensity (arb. units)

T T T 0

O r r r I I I I I
31 32 33 34 35 36 37 38 39 40 41 42 43

Energy (eV) Energy (eV)

Figure 4.14: PL spectra for cubic GaN (SN-368) andic Al Ga N (SN-370) at
low temperature.
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In the work, we intend to estimate the origin of ffeak emissions that had observed
in all samples in Table 4.4. Therefore we preparéigare, that includes the
calculated energy gap for hexagonal@d,.x\N and cubic AlGa, N as a function of
Al content,x at low temperature (lines) so that the originhed Emissions appear in
PL spectra can be roughly defined. There were onéthby calculating the band gap
energy of AlGa N, given by

E, (X) = (L- X)E, (GaN) + xE, (AIN) —bx(L- X) (1)

whereEg(c-GaN) =3.3eV [30],Ey4(c-AIN) = 5.1eV [31f andb=0.88eV [32]. For the
hexagonal systenkg(h-GaN =3.5eV [33],Eqg(h-AIN) = 6.1eV [33] anch=0.71eV
[34]. Figure 4.15 shows the PL peak energy of céthiGa N with the variation of

Al content and a summary of the results is tabdlaterable 4.5.

% Up to now, there are very limited works reported the energy gap for cubic AIN at low
temperature. In fact, it was found that cubig@d; N is shifted from direct to indirect bandgap when
the Al contentx is above ~0.5.
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Figure 4.15: The PL peak energy of cubi¢g@d.,N samples with the variation of Al
content,x at 4.7K (a) PL peaks that could be due to emiskimm cubic ALGa N
and (b) peaks that could be due to emission froxad@nal AlGa; N.
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Table 4.5: Summary of the peak emission energiedifierent cubic AlGa.N
samples.

Thickness Energy emission in Energy emission in
Sample (M) Cubic Al,Ga;«N Hexagonal AlGa; 4N
M (eV) (eV)

GaN 5.967 3.26 3.42
GaN 7.400 3.26 3.42
Al 1Gay N 0.500 3.42 3.62
Al 1Gay N 0.502 3.42 3.62
Al 1Gay N 5.860 - 3.67
Al GaygN 0.482 - 3.77
Al GaygN 0.485 - 3.96

As can be seen from Figure 4.14 and Table 4.5p#a& emissions in our samples
are defined by using the plotted lines for cubid &aexagonal AlGa.\N. From this
observation, the thick cubic GaN samples show twakpenergies that might be
attributed to hexagonal and cubic emissions, reés@bg. Similar behaviour is also
observed for thin cubic AGa N samples but for the thick cubic AlGa N
sample, the spectrum is mainly governed by the dmxa peak. This is consistent

with the case for cubic GaN, where hexagonal inchssincrease as the thickness is

increased.

When the Al contentx rises up to 0.2, the spectra are strongly domihdnye
hexagonal signal although the samples are thin.rékelt seems to show that the
increase of hexagonal inclusions in cubic@d N is also influenced by the Al
content,x. This is probably due to the difficulty of maimiag the growth of cubic
AlLGa. N when the Al content is increased. Furthermores thiscibility gap
between AIN and GaN also increases with Al contentln this case, the bond
between AI-N becomes stronger and they possiblyfepréo grow in the
thermodynamically stable hexagonal phase. Howewere data and results are

required in order to find the precise explanationthis behaviour.
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4.5: CONCLUSIONS

In this work, we found that the increase of hexajdnclusions in cubic GaN is
influenced by 1lI/V ratio, position of the wafer éngrowth rate. Although the
hexagonal content increases with the thickness,ula bubic GaN has been
successfully grown with a low average of hexagamalsion around 10% and just a
few percent at interface. Based on this work, weppse that both PL and XRD

measurements are required for characterising coals.

In this work, the fundamental properties of cubi@Nshave also been investigated.
The elasto-optical parameters of a cubic GaN filhow temperature were measured
by picosecond acoustic measurements. From the réseisound velocity is found to
be 6.9+0.1 km$ with the elastic constant = 285+8GPa and the c#fra index
=2.63+0.04 in cubic GaN. These values differ coamstly from those for hexagonal
GaN film.

In the electrical investigation, it was found thhe undoped cubic GaN samples
could be n- or p-type depending on growth condgidfrom the measurement, C-
doped and Si-doped cubic GaN show n-type charatiterivhereas p-type GaN:Mn
was successfully demonstrated. These samples hgiveelectron concentration but
low mobility, probably due to poor quality of tharsples. Besides, the electrical
properties of undoped cubic GaN vary with the thess and this might be due to

fluctuations in growth condition during long growth

In addition to this work, we extended the growtbht@ology of cubic GaN to cubic
Al,Ga.N. The optical properties of cubic,&a_N with the variation of Al content,
X were studied. From our observation, hexagonal tattssto dominate the spectra
when the Al contentx is increased; probably due to the difficulty of&ining the
growth of cubic AlGa, N and also the miscibility gap mechanisms.

The next chapter describes the processing of tlie dubic GaN to make it as a
suitable substrate for device applications. In grigect, we intend to grow a device
structure on a free standing cubic GaN substraiaguhe surface that was in contact

with GaAs substrate as the interface has only fesggnt of hexagonal content.
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CHAPTER 5: PROCESSING OF CUBIC GaN
SUBSTRATE

In chapter 4, bulk cubic GaN with low hexagonal teoh of about 10% has been
successfully demonstrated. The size of the layedesl for easier handling and
processing in an attempt to produce a suitable cential cubic GaN substrate for
device applications. It is also reported that hexad inclusions in cubic GaN

increase with thickness. Therefore, growing a dewic structure on the surface that
was in contact with GaAs substrate would seem pabfe as it has only few percent
of hexagonal content. However, defects due torstrad arsenic (As) inclusions are
already generated at the interface between GaN Gefls substrate. Thus this
interface layer needs to be removed so that a aduice/structure can grow better

on top of it.

In this chapter, we report studies on bulk cubidNGlrough Secondary lon Mass
Spectroscopy (SIMS), Photoluminescence (PL), X-diffraction (XRD) and

Atomic Force Microscopy (AFM) measurements. At #m of this work, a device
grown on a free standing cubic GaN substrate isotstnated and its optical

properties will be presented.

5.1: COMPOSITIONAL ANALYSIS FOR CUBIC GaN

In this work, the As concentration in our cubic Gabimples were investigated
through SIMS measurement. At the first stage is thork, the GaAs substrate had
been chemically etched from the samples in ordeoltain free standing cubic
layers. Figure 5.1 shows the SIMS result for theas before and after the etching
process, corresponding to the data from differedess of the samples. As the
penetration depth of the SIMS measurement is lonite~2..um, a thin cubic GaN

layer (~2um) with GaAs substrate was used to estimate thandlsN profiles close

to the interface which one might obtain with a keic(~12um) cubic layer.
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Figure 5.1: SIMS data in cubic GaN samples foredéht probe directions (a) Thin
c-GaN before etching (b) Thick c-GaN after etchifibe shaded area needs to be

removed by polishing.
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From Figure 5.1(a), it is clearly shown that the denisity starts to be higher at the
interface and towards the GaN/GaAs substrate. dheary dependence is observed
for N density. After the etching, the SIMS measugairns directed to the surface of
the thick cubic GaN that was in contact with GafAbstrate and the result is shown
in Figure 5.1(b). The N density remains constaatydver there is a high quantity of
As inclusions at the interface. Therefore, the sdadrea indicates a micrometer
layer that needs to be removed from the sampléndyblishing process in order to

reduce the As content to the SIMS background level.

Figure 5.2 shows the XRD data for the free standihgum thick cubic GaN layer.

The peak in intensity that corresponds to cubic Galbserved around 40°. Apart
from that, a small peak can be seen about 35°eparted before, this peak could be
attributed to hexagonal inclusions or, more propata the stacking faults of (111)

cubic GaN. In this measurement, the data for thelevbepth of the layer had been
collected (please refer to Figure 4.6 for compawis@s there is no measurable
signal from GaAs observed we can infer that the $safAbstrate was successfully

removed from the layer.
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Figure 5.2: XRD data for a free standing thick cuGaN layer. Clearly, no peak
related to GaAs is observed.

5.2: OPTICAL STUDIES FOR CUBIC GaN

In this work, the optical investigation on ~ilf thick cubic GaN in contact with the
GaAs substrate was carried dufhe evidence that this material is mostly cukid h
been observed through XRD measuremetease refer to Figure 4)6 The sample
surface that faces away from the GaN/GaAs interfaas polished and excited for
optical study. Figure 5.3 shows PL spectra for shenple with the variation of
polishing time. Obviously, the hexagonal-relatedission gives a strong signal
around 3.42eV. This peak could be attributed te frebound transitions [1]. On the
other hand, there is a broad signal with small ntada around 3.3. We suggest that

“ It is risky if we use the free standing sampléhig stage as the sample may crack and fall offifro
the holder during low temperature PL measuremeate hhat the wax that holds the sample to the
holder is not effective at lower temperature.
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this may correspond to the overlapped broad sigmetlseen excitonic emissions in
cubic GaN andA pair transitions in hexagonal GaN. The inset fgaltso shows the
PL peak as a function of the thickness (note that polishing rate was about

3um/hour).

It can be seen that the hexagonal PL is signifigamduced after 30 minutes of
polishing and continues decreasing at a sloweraatthe subsequent times. This is
consistent with our previous work, where the peroainthe hexagonal content
decreases towards the GaN/GaAs interface. Howdvehould be noted that we
intend to polish the surface that was in contadhvwBaAs substrate, as shown in
Figure 5.1(b). If we polish the surface for manyifsyp we may end up by having the
surface with higher hexagonal content (the previstigly showed the interface
between GaN/GaAs substrate has only few percehewfgonal material and that
this increases towards the GaN surface). Henceneed to polish the samples for
the right amount of time so that the As inclusi@ml defective material on the
surface can be minimised and at the same time #xagdonal content can be

minimised. In this work, we polished our cubic Gsilbstrate for ~2hours.
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Figure 5.3: PL spectra for polished cubic GaN #edent polishing times. Clearly,
the hexagonal peak around 3.42eV decreases wigh tim

5.3: SURFACE MORPHOLOGY STUDIES FOR CUBIC GaN

It has been reported that a rough substrate surfepe enhance the formation of
stacking faults in cubic GaN [2]. When [111] stagkifaults are generated, the
growth of hexagonal material could easily occurthe same orientation. For this
reason, a smoother surface substrate is requirédasdhe formation of hexagonal

material in the subsequent growth on the substiatdoe minimised.

In this work, the capability of using the polishipgcess to reduce the roughness on
the nitride surface is examined. As for the firstastigation, the top side of a +if2
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thick cubic GaN sample mounted on the GaAs sulestvas polishetiand its surface
morphology was measured by AFM for various polighime. Figure 5.4 shows the
value of root mean square (RMS) roughness as aidmnof removal thickness.
Similar to the dependence of hexagonal PL on tioirless, the surface roughness of
the sample is considerably reduced when the thgkias been reduced by about
1.5um and continues decreasing at a slower rate faegjlent polishing. This result
supports the hypothesis from many reports thatetle correlation between the

roughness and hexagonal PL [3, 4].
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Figure 5.4: Dependence of the value of root mearareg(RMS) roughness with the
variation of removal thickness.

® It is risky if we use free standing layer as AFMasurement is typically damage/change the surface
and potentially crack the sample.
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Now, we characterise the surface morphology foolsped free standing ~hfh
bulk cubic GaN substrate. The polishing time tooduad 2hours, correspondingly
about @um layer had been taken off from the sample. It khdne noted that the
surface that was previously in contact with the &&fibstrate is measured. Figure
5.5(a) shows the AFM image of our cubic substratelevFigure 5.5(b) shows a
commercial hexagonal substrate. From the comparigas found that the RMS
roughness for the polished cubic substrate is Iqw&r8nm) than hexagonal, which
is about 2.6nm. This shows the surface qualitywfsubstrate reaches the standard
of the commercial one and it could therefore bedwsean appropriate substrate for

device applications, like LEDs and LDs.

um

0 5 10 18 20 25 30 0 2 4 6 8 10
um um

Figure 5.5: AFM images of the surface of (a) paitubic GaN substrate and (b)
commercial hexagonal substrate.

5.4: GROWTH OF DEVICE ON CUBIC GaN SUBSTRATE

To my knowledge, there are no reports which hawr demonstrated the growth of
a device on a free standing cubic GaN substratthignproject, our unpolished and
polished free standing cubic GaN substrates wen¢ t®e Sharp Laboratories of
Europe. In that laboratory, cubic nitride basedickv were grown on top of the

substrates and the structures were characterisBshbyeasurements.
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In this work, a simple LED with 2.5nm cubic®a; xN ® active layer was grown on
the cubic GaN substrates, respectively. We estoindie In composition in the cubic

In,Ga,xN layer could be around 10%. The device structsishown in Figure 5.6.

Ni/Au

/

| 4 |

Mg: GaN (400nm)
GaN (3nm) Indium

IgGa, N (2.5nm)

Y

Si:GaN (500nm)

Figure 5.6: Cubic gGa. N LED structure grown on unpolished/polished free
standing cubic GaN substrates.

Next, the optical properties of the cubic basedaisvgrown on the unpolished and
polished free standing cubic GaN were investigaféglire 5.7 shows PL spectra for
the device structure at 15K. An emission peak atoBu2eV is clearly observed in
both structures. We suggest that this peak is aduwnission from cubic GaN as the
penetration depth is about Qrf.

The device grown on the polished substrate giveshnmighter PL than that grown

on the unpolished substrate. In fact, the peak®amdrom the polished structure is
narrower, indicating that the polished free stagdimbic GaN substrate promotes
higher material growth quality to the device thaa tinpolished substrate does.

® The amount of Indium incorporatiors cannot be measured due to too many unknown
factors/parameters.
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Figure 5.7: PL spectra for J@a.,N LED structures grown on unpolished and
polished free standing cubic GaN substrates.

Subsequently, the current-voltagé-V) characteristic for the structures was
measured. The result is shown in Figure 5.8. Gletlrte device which was grown on
the polished substrate shows better performanae ttiet grown on the unpolished
substrate. For forward bias, it can be seen thatumm on voltage for the device on
the polished substrate is almost comparable tonthienal reported value for II-V
nitride-based LED [5, 6] in contrast to the devacethe unpolished substrate. This
might be due to poor doping in the unpolished stméc For reverse bias, there is a
high leakage current for the device grown on theolished substrate, indicating the

possibility of high defect density in the struct(ire 8].

98



Current (mA)

20 T T T T T T T T T T T
| Device on unpolished substrate
1. Device on polished substrate
15
1.0
0.5

-5 -4 -3 -2 -1 0 1 2 3 4 5
Voltage (V)

Figure 5.8: Current-voltage characteristics fofGa..N LED structures grown on
unpolished and polished free standing cubic Galdtsate.

Detailed investigation on electroluminescence (Ehgasurements found that
increasing the h&a,N well width by a factor of 10 improves the LED brighss.
Figure 5.9 shows a room EL spectrum for a devidb 80nm InGa,xN well, which
was grown on a polished free standing cubic GaNstsate. Obviously, there is a
strong peak emission around 460nm that can beéwkd to the emission in the
cubic InGa.«N well layer. The emission peak is in excellent agreet with the EL
peak that had been observed in InGaN MQWs LED amrtemperature [5]. This
shows that a working &a.xN LED device grown on free-standing cubic GaN

substrate has been demonstrated for the first time.
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Figure 5.9: EL spectrum for J&&.N LED grown on polished free standing cubic
GaN substrate. The emission wavelength of th&dnN LED structure is around
460nm.

5.5: CONCLUSIONS

It has been demonstrated that the polishing proeshsces the As inclusions and
defective materials on the surface of the cubic Gapérs. We had polished our
cubic GaN substrates for 2 hours in order to mis@rthe As inclusions, defective
material and low hexagonal content on the surfatehis work, the first working

InGaN LED device grown on a polished free-stanainfgic GaN substrate has been
demonstrated. Additionally, the polished cubic GaMstrate improves the quality of

the grown device as has been measured by lumineseeml-V characteristics.
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CHAPTER 6: CUBIC NITRIDES BASED RESONANT
TUNNELLING DIODE

As has been mentioned in the earlier part of thisis, the absence of internal
piezoelectric fields makes cubic GaN interesting ¥ertical transport devices.
Without the existence of such fields, problems veitlarge trapping that contributes
to the irreproducibility of the current-voltage\() result does not exist. Moreover,
the theoretical modelling of tunnel devices wouldl lhade much simpler. On the
other hand, due to the difficulty of growing culi¢rides, there have been no studies
on cubic nitride based resonant tunnelling stresweported so far. Considerable
progress in cubic GaN and AlGaN growth has beenothstnated in this project and
therefore we intend to transfer this technologydévelop a working cubic nitride

based tunnel diode for the first time.

At the beginning of this chapter, a brief introdantto basic principles of operation
of double barrier resonant tunnelling diodes (DBRJ» presented. As published
data on cubic nitride tunnel diodes are not avéeladt present, reports on the
hexagonal (wurtzite) AGa.N/GaN DBRTDs are reviewed pointing out the
problems caused by the internal fields, threadiistpdations etc and therefore the
vertical transport properties in cubic device mayaticipated. Next, the theoretical
analysis of the tunnelling process in cubic,@d, N/GaN resonant tunnelling
structures will be discussed. From this understagdidetailed calculations of
tunnelling current-voltagd-{V) characteristics of a cubic based tunnel diodé tine
variation of band offset, well width, barrier congitcon, and barrier thickness will
be presented. Through this calculation work, annugdtdesign of cubic AlGa.N
DBRTD is proposed, promising the feasibility of f@lating and characterising the
tunnel device. Based on the designed structurayiwdemonstrate for the first time,
a working cubic AlGa.N/GaN DBRTD.
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6.1: TUNNELLING PROCESS IN DEVICE STRUCTURE

In the classical regime, only an electron that $i#§icient kinetic energy will pass
over a potential barrier, while electrons with loveaergy will be reflected back. On
the other hand, quantum mechanics allows a finitdbability for electrons with
lower energy than the barrier height to tunnel gigiothe barrier. This fundamental
concept is significantly observed in thesonant tunnelling diodéRTD) structure.
An RTD is basically a quantum well sandwiched betwvéwvo tunnel barriers with
doped contacts on either side to form Fermi seadeaftrons, as is shown in Figure
6.1(a). The red arrows show the width of the resbtevel,I" in the well and the
barriers and well widths aré, andd,, respectively. When a low voltage bias is
applied to the device a small current flows. Theremt comes from various
mechanisms such as non-resonant tunnelling, thermemission over the barriers,
scattering assisted tunnelling process and leakagent through the surface states
all of which contribute to the background currdntreasing the bias voltage (Figure
6.1(b)) raises the emitter relative to the resoniamel in the well and gives a
maximum current when the conduction band in thettemiegion corresponds to the
resonant level. At this stage, more electrons ajecied from the emitter region to
the quantum well and therefore a peak current i@ turrent-voltage I{V)
characteristic is obtained. Further increasingwbkage (Figure 6.1(c)) brings the
resonant level below the emitter level and theeefeduces the current. This process
produces aregative differential resistand®DR) property in thd-V characteristic
as shown in Figure 6.1(d). The current will rise agmin due to the background
effects and when the second resonant level (notrshio the figure) approaches the

emitter level.
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Figure 6.1: (a)-(c) illustrate the changes of tlaad structure with the variation of
applied voltagey. The width of resonant levd, is indicated by the red arrows. (d)

shows the dependence of current on applied voltage,

Due to their NDR characteristics, RTDs are useful High-speed switching, high

frequency oscillators, multi level logic and othapplications. Moreover, their

structure is quite simple thus making them easyatwicate. In most cases, the
quality of an RTD is typically described by theioabf currents at the peak and
valley (PVR). In the following section, a survey miiblished results on hexagonal

AIN/GaN DBRTDs (double barrier resonant tunnellidigdes) is presented. From

the survey, we can speculate the tunnelling pragserin cubic nitride based
DBRTDs structures.
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6.2: STUDIES OF WURTZITE NIRIDES TUNNELLING DIODES

In 2001, Kikuchi et al reported the tunneling pndjgs of two types of MBE grown
RTD structures; double barrier and superlatticeiatrype AIN/GaN RTDs [1]. The
DBRTD had a 0.75nm GaN quantum well with 1nm AINrrlzas, while the
superlattice RTD consisted of six 1nm AIN barriergh five 1nm GaN quantum
wells. At room temperature, the double barrier gtrre showed evidence of the
NDR effect at 2.4V with peak current density andRPValues of 930mA/cfand
3.1, respectively. In the superlattice barrier ARdN RTD structure, the NDR effect
was observed at 1.6V with the peak current dersityind 142A/crhand the peak-
to-valley ratio (PVR) was three times higher thaattof the DBRTD. A year later,
the same group published a controversial resuleravihe PVR value of a high
guality AIN/GaN RTD structure was found to be 32hwa NDR voltage of 2.4V and
a peak current density of 180A/€f2]. This PVR value seems unrealistic as high
background defect density is readily expected Imitfides system. In fact, the
authors did not report the reproducibility of thesult on the same device, which
suggests that the NDR feature might also be dweit@nt instability or breakdown
of the device. Moreover, they only demonstratedfianeasurement on the positive
bias (started from 0V), which might hide the evicerof the hysteresis at negative

bias.

The group of Belyaev et al [3-6] found that the egmance of the NDR effect IV
characteristics for MBE AIN/GaN RTD was dependenttbe direction of voltage
sweep. The NDR peak and voltage changed for cotigecaweeps. The hysteresis
was also observed i6-V measurements. From these observations, they sedges
that the non-reproducible result arises from thianmation effect and the existence
of defects in the device that lead to charge tragppiln low temperature
measurements, the NDR effect was clearly observaahd 0.8V with peak current
nearly 0.044A with an increasing voltage sweep but the featuae not seen for the
reverse bias direction [5]. Nonetheless, the agtlsoggested that the NDR feature
was associated with current instabilities due ®phoblem with the charge trapping

instead of true tunneling process.
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Realizing defects could influence the performaniceitide based RTDs, Bayram et
al [7] had grown some AIN/GaN DBRTD structures byORIVD with different
dislocation densities. Unsurprisingly, they repdrtinat the device performance
decreased in devices with higher defect densityeirTbest device exhibited room
temperature NDR effect at 4.7V with a peak curdsnisity of 59kA/criand a PVR
value of 1.6. This PVR value however, was still é&swhan the best MBE tunnel
structures, which suggests that MBE is the mostablé growth method for
producing high quality nitride based RTDs. Althoubk device was grown with low
defect density, the result was not reproducibléhin subsequent measurements due
to charge trapping and strong hysteresis, whichhinlge enhanced by strong

polarization fields.

Even though the nitride based RTD devices werddatad by different methods in
different experiments, it seems that the NDR eftédhe tunnel devices only occurs
once, during the first bias scan. This is attridute charge trapping effects which
may be related to the large polarization effect hexagonal IlI-V nitrides.
Reproducing the result is challenging and theretbe¥e have been a number of
attempts to address this issue. Since the chaggming is found to be more
significant at high reverse bias, Belyaev et abpopsed that the carriers could be
released from the traps by applying a large forwaes [5, 6]. On the other hand,
Golka et al. demonstrated that the NDR peak camabially recovered by annealing
the sample at 350°C [8]. In another report, thisugrmanaged to restore the NDR
effect by applying at least -3V to the device wisareeping from negative to positive
bias [9]. However, the effect disappeared whendéeice was swept in opposite

direction, (from positive to negative bias).

Based on this survey, it is clear that the NDRaffie wurtzite nitride based resonant
tunnel diodes is irreproducible. Most of the aushsuggested that this problem may
be associated with the charge trapping phenomeWdrile the material quality
remains an issue, the main reason for the chaageitrg phenomenon is because of
strong polarization effects in wurtzite structuggewn on thec-axis. These effects
could also lead to highly asymmetii/ characteristic and complicate the modelling
and design of the devices. By contrast, growingttimnelling device on non-polar

(001) cubic AlGaxN/GaN is an approach which eliminates such intefietds. As
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a result, the calculation of tunnelling is moreagtht-forward and the tunnelling
properties in the device would be more reproduciNievertheless, due to the huge
challenge of growing cubic nitride materials, nodsés have yet demonstrated cubic
AlGa «N/GaN based RTD.

Despite this issue, in this project, we have derratesd impressive progress in the
growth of cubic GaN. Using this technology, it igpected that the growth of a high
quality cubic AlGa.xN/GaN <0.2) tunnelling structure is possible and themefor
will be demonstrated. Before the growth, it is picad to find an optimal design of
cubic ALGa.,N/GaN DBRTD that can then be fabricated and testedhis work,
the I-V characteristics of cubic &ba.N/GaN DBRTD have been calculated with
the variation of band offset, well-width, barrieongposition and barrier thickness
parameters. In the following section, the theoatticalculation on the vertical

transport properties in the cubic nitrides struetisrpresented.

6.3: MODELLING OF CUBIC NITRIDE TUNNELLING DEVICE

At the first stage of this work, the confined stateergy levelE, (resonant levélin
the quantum well was found by solving the Schrédingguation, using the effective
mass approximation (EMA) and taking into accourt different masses in the well
and barrier regions. In our calculation, the effgfahon-parabolicity and strain on the
EMA are neglected. These effects had been expetaityeobserved for the case of
hexagonal AlGa;.N/GaN heterostructures, however the effects araddo be less
significant in lower quality materials [10, 11].i$t generally accepted that the quality
of cubic nitrides is lower than typical hexagonastures [12] and therefore, if the
magnitudes are assumed similar in cuBalN, then the effects should be even less.
The calculated value oEp is adopted in the calculation of the tunnelliny
characteristic using the Tsu-Esaki model [13]. sTimodel describes the electrical

transport properties of a finite superlattice frthra tunnelling point of view.
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6.3.1: Theoretical Calculation of Resonant Level iQuantum Well

Consider a finite depth double barrier structuresta@wn in Figure 6.2. An electron
with an energyE, lower than a potential dept, is confined inside the well. The
wave function of the electron/(z) inside the well is defined in a similar manier

the case for infinite depth as shown below.

sin

W(2) = C{COS}(kz) s\ézr} function. (6.1)

Here, the lowest (first) bound state in the welkimseven functioncpsine function

andk is the wave number inside the well.

well i
< > Vo
N
< Bok .
o - 4
-al2 al2

—» z-direction

Figure 6.2: Schematic diagram of the wave functibrelectron at the first bound
state energyEp in the quantum well with finite barrier layers the conduction
band. The well width and potential depth are gigsa andV,, respectively.

The wave function outside the well is given by 8ahrodinger equation,

2 D W@+ M -E(2) =0, 6.2)
m, dz

where m, is the effective mass for the barrier layers d&d Vo. Solving the

Schrédinger equation above gives
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Y(2) = Dexplxz), (6.3)

wherex is the imaginary part of the wave number. The sigris chosen so that the

argument of the exponential is always negative.

As shown in Figure 6.2, the wave functions insidd autside the welly(z hHave to

be matched at the boundaries; a/2 andz = -a/2 Using equation (6.1) and (6.3),

the matching condition at= %a gives

o{5)-elial5)-oext5)

Equally, taking the derivative of equation (6.4¢lglis

= Ck{_ sin}(k_aj =-D«k exp{@j : (6.5)
=a/2 cos |\ 2 2

However, equation (6.5) does not conserve currethie heterostructure has two

dy
dz

different effective masses. Therefore, the matchoogindary condition in this
equation needs to be modified. For this casemthatehing of derivative in equation

(6.5) becomes

1 dy

m, dz

- 1dy

6.6
z=al2 rno dZ ( )

z=al2

This change also modifies the wave numbers. Theavmawvnbers inside the wek,

and outside the welk are then given by:

k=JZmOmN(E—ECW) K_JZmomo(Ecb—E)
h ! - h

(6.7)
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with m, andE." are the effective mass and the bottom of condudiand inside the
well, respectively. Similarlym, andE” are the corresponding parameters outside the
well. Here, the depth of the welly is found to b’ — E." = AE..

The boundary condition in equation (6.6) gives

C—k{_ sm}(@j = —%ex;{l{—aj . (6.8)
m,, | cos |\ 2 m, 2
Equation (6.8) is then divided by equation (6.4) §&/2) to give
m, (2mym,V, _1)- tan (@j —o 6.9)
m, \ 7%k’ —cot/\ 2 ' '

Usingk from equation (6.7), the matching condition casodle written as

[\/E(Lﬂn_{tan}(\/azm()mN(E—Ecw)}:O _ (6.10)
m |\ (E-E.") —cot 2h

In this work, we find the value of enerdythat satisfies equation (6.10). This energy

is equal toEy. Once this energy is obtained, the valuek @ind « can be found
through equation (6.7). These values are then imseguations (6.1) and (6.3) to plot
the wavefunctiony(z), throughout the double barrier structure. For $icrty of the

calculation, only the first (lowest) bound statergy will be calculated in this work.

Figure 6.3 shows an example of the calculated fbha of electron density
distribution, |y|%(z) in a cubic A}:GadN/GaN double barrier heterostructure with
the energyEp« approximately 0.16eV. If the energy in the emitegion corresponds
to this energy, the probability for an electronttmnel the barrier will reach a

maximum, thus giving a maximum current in thé characteristic.
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Figure 6.3: The calculated distribution of electnwave function at the first energy
bound state in AliGa JN/GaN double barriers structure.

It should be noted that the probability of the telfing event is always described by
the transmission coefficient as a function of egefgE). Therefore,T(E) is strongly
influences the tunnelling properties of the RTD. the following section, the

calculation ofT(E) is presented.

6.3.2: Theoretical Calculation of Transmission Codicient

Consider an electron tunnelling through a singiédibarrier with a potential/o and
the barrier width of, as shown in Figure 6.4. The wave functigfg) changes as
the electron moves from region 1 to 3. This shdwet the wave numbek, is also

changing between different regions.
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Figure 6.4: A schematic diagram of the tunnellifgetectron through a single
barrier. The wave function of the electron changssit moves towards different
regions.

The potential in regions 1 and 3 is zero. I86; ks. Using a transfer matrix technique

(see [14] for more details), the transmission atagé,t’ is given by

2k k —ikja
= e (6.12)
2k k, cosk,a—i(k,” +k,”)sink,a
WhenE > V,, the individual transmission coefficieft= |t is expressed as
ak,’k,’ V,? N
1 2 + sin“k,a| (6.13)

T= 2, 2 2 2 . =1 >
4k, °k,” + (k,° +k,")?sin*k,a AE(E-V,)
wherek, = [2m(E —Vo)lhz]ll2 and the reflection coefficien® =1 - T.

In the case oE < V,, the usual replacemekt — ik is made. Therefore, siga =

sinik,a = i sinhk,a and transmission coefficient or transmission pbdiig becomes

"It is the ratio of the amplitudes of transmittediancident waves.
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2,2 2
4k1 K2 —

T= 2 2 2 2 . =1+ .
4k, °k,” +(k,” +k,°)*sinh’ k,a 4E(V, - E)

-1
sinh? Kza} : (6.14)

If the energy is equivalent to the top of the karE=V,, the transmission becomes

(6.15)

maV, |
T(E:VO):|:1+ o7 :|

For the simplicity of the calculation, this workcieses only on the case far< V,.

Hence, equation (6.14) is used in further calcoiati

Consider an electron travelling through finite s of thickness in a double
barrier structure. When the electron is trappethéwell, it tries to escape to the left
and the right sides. For a convenient understandimgtransmission probability to
the left is given byl and to the right i3r. Assuming the structure is symmetric, the

transmission amplitudes for both directions araidal.

The velocity of the electron in the resonant staté¢he well is given by and the
distance of a round trip i2a. Thus, the electron tries to escape by hittingléfie
barrierv/2a times per second. The probability of electron tnaission through the
left barrier isT_ per event, giving the average escape ratd@a. The same thing
also happens at the right barrier, hence giving tibtal average escape rate,
o(T +TR)/2a. This equation is multiplied by to convert the expression into energy.

Thus, the full width at half maximum (FWHM), of the resonant peak is given by

7
r :2—‘a’(TL +T,) (6.16)

Clearly,T" decreases ag, is increased. From a more detailed mathematitallysis

see [14]. The transmission coefficient as a funcbbenergy can be approximated

by
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-1
E-E,
T(E) =Ty 1+ — : (6.17)

-r
2

whereTycreaches unity at the resonant state in the well.

6.3.3: Theoretical Calculation of Tunnelling Currert in DBRTD

In this work, the tunnelling current-voltage\() characteristic of AlGa.N/GaN
DBRTD is calculated numerically using Tsu-Esaki modehich was originally
developed to describe the mechanism of tunnelliagsport in a finite superlattice
structure in the AlGa.As/GaAs system. The tunnelling current density ie th

tunnelling structure is given by

’ e 1+ex -E)/K T
= aqm, kb,o,T J-dE T(E)In p(EfE ) b ’ (618)
2h® 2 1+expE —E)/k,T

where E and Eic are the Fermi levels in the emitter and collectegions,
respectively (please refer to Figure 6.1). In tase Eic is equal tdee — eV (V is the
applied voltage). The integral equation describesdinsity of electron distribution
as a function ofE. Using the dependence of quasi Fermi level ontrelec

concentrationEs is estimated at around 0.09eV.

Equation (6.18) indicates that the tunnelling curred., has strongT(E)

dependence. From equation (6.17), it is found thattransmission through /&8a;.

xN barriers depends on their thickneds,and height (which is determined by the
aluminium fraction,x). The larger iST(E), the higher is the peak current density.
However, the lifetime in the well decreases andnfrithe uncertainty principle, the
width, T of the resonant level in the quantum well increasesulting in a broader
resonant peak. On the other hand, if the barriatthilheight of the tunnelling
structure is designed to be larger, the resonaat pecomes narrower but the peak
current is lower. These considerations show thaigdegy an optimal performance

of tunnelling device needs to achieve a compronhiseveen peak current and
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resonant width, which will be addressed in therlagetion. Details of the method of

calculation used in this work are presented in Aypipel.

6.4: MODELLING OF CUBIC Al ,GaixN/GaN DBRTD

In this work, the tunnelling-V characteristics in AGa.N/GaN double barrier

resonant tunnelling diode (DBRTD) have been caledlats a function of variation
of band offset, well width, barrier composition,dabbarrier thickness. At the end of
this calculation, an optimal design of cubic®@# . N/GaN DBRTD is suggested,
promising the feasibility of fabricating and chaeatsing the tunnel device.

Figure 6.5 shows a cubic AMa_N/GaN DBRTD designed structure with undoped
c-GaN well width ofd,, sandwiched between undoped@d;_,N barrier widths of
dp. This structure is clad by thicker n-doped cubicNGayers for emitter and

collector contacts.

Top contac

n-GaN

AlLGa N } db
Gat }dy

AcaN  |}dy

n-GaN

(001) A GaAs substrate

Bottorr contac

Figure 6.5: A schematic of cubic,8a./N/GaN tunnel diode.
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In this calculation, the material parameters fobicusaN at 300K are assumed as
follows; electron effective mass* =0.15m [15] and energy gafEys=3.2eV [16].
For cubic AIN, m* =0.25m [17] and energy gapEg=5.94eV [18]. It has been
reported that cubic AIN has an indirect band gajuiad 5.34eV at X-valley [19].
However, the resonant tunnelling process is siganfi in direct gap semiconductor,
while non-resonant tunnelling via indirect gap @giveackground [20]. These
parameter values vary slightly at 77K; however, thanges do not impinge the
occurrence of the tunnelling. The band gap for céhiGa N were estimated using
Vegard’'s Law, (assuming negligible bowing parameaed their effective mass was
determined using linear interpolation between thd And GaN values. For the ease
of the calculation, only tunnelling through thesfirlowest) resonant level in the

quantum well is considered.

6.4.1: Numerical Calculation of Resonant Energy ilDBRTD structure

Figure 6.6 shows the probability electron densisgribution, (z)f in cubic AlGa.
xN/GaN double barriers structure with different Ahdtion, which determines their
barrier height. The well and barrier widths are gias 1nm and 2nm, respectively.
As the barrier height is increased, the electratesh well is more confined and so,
the width of the resonant levd, is smaller. Consequently, the coupling of the
electrons to the plane wave decreases, and thereémluces the probability of
electron to tunnel through the barrier layers. @& ather hand, lower barrier height
increases the electron coupling and broadensI'thmit increases the tunnelling

probability.
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Figure 6.6: The calculated distribution of probdbpilielectron density at the
conduction band for different Al compositionof cubic ALGa N barrier layers.

Figure 6.7 shows the first resonant energy (lowiesgaN well layer as a function of
well width for a cubic Al:Ga/N/GaN double barrier structure. The resonant
energy,Epx shows negative parabolic dependence with well lwaitd this agrees
with the experimental data for cubic,&laxN/GaN MQWs structures [21].
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Figure 6.7: The calculated resonant energy levehéwell as a function of well
width.

6.4.2: Numerical Calculation of Tunnelling Currentin Al,Ga;.x\N/GaN DBRTD

Until now, a large ambiguity in the value of thenaoffset for cubic AlGa.xN/GaN
still remains. For this reason, the tunnelling s@ort property will be studied in the
device using different values of the band offsetha calculation. The value of the
band offset is determined by the values of elecafinities for different materials,
which are GaN and ABa.N in our case. So far, the complete set of valoeddth
materials in cubic structure is not available. Tfene the electron affinities in the
stable phase, which is hexagonal (wurtize) matendll be used as a first
approximation. Table 6.1 shows the reported valdigbeoelectron affinity for GaN
and AIN. In this case, the band offset of AIN/GaN the conduction band is

estimated at a given values of the electron affiaitGaN and AIN.
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Table 6.1: List of the values of electron affinitfes GaN and AIN from literature.

Electron affinity for GaN,

Electron affinity for AIN,

Conduction band offset

Xcan, (V) Xan, (8V) (Xcan- Xaw), (V)
3.4 [22] 1.9 23] 15
41 [24] 1.9 [23] 22
41 [24] 0.6 [25] 35

Based on the figures in Table 6.1, we estimateco#mel offset for AlGa,xN/GaN
using a process of linear interpolation. Figure 6l8ws the tunnelling-V
characteristic of AlsGa/N/GaN DBRTD with different values of the conduction
band offset. The conduction band offset of AIN/Galjch is 1.5eV gives the band
offset of Ab3GaN/GaN of 0.45eV, 2.2eV gives 0.66eV and 3.5eV gi0esteV,

respectively.

In the figure, Curve 1 represents the conductiamdbaffset of A Ga AN/GaN for
0.45eV; curve 2 for 0.66eV and curve 3 for 0.54&We well and barrier widths are
equal to 1nm. The NDR effect occurs at differenttagegs due to the different
resonance energi, for each band offset. Clearly, it shows that teakpcurrent is
found to be smaller as the conduction band offséigher. The increase in the band
offset, which increases the barrier height, prosvideonger carrier confinement in
the well. Thus, the resonant widih,is more defined but there is a reduction of the
electron tunnelling and consequently the peak atrddowever, our results show
that the width of the resonanck,is only slightly lowered as the band offset is
increased, indicating a very weak effect of thedbafisets on the resonance width.
For the rest of calculation, the value of 2.2eV toe AIN/GaN band offset will be

adopted as this value is widely used in other wer,[26].
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Figure 6.8: The calculated tunnelling current-vodtanf AlysGay/N/GaN DBRTD
with different conduction band offsets at room tengpure.

Figure 6.9 shows the dependence of peak currentregsmhant width]" on well
width, dy, for Alp3Ga /N/GaN DBRTD. Clearly, the peak current decreased,as
increased. In parallel, the resonant widih,also decreases when thickness is
increased. In Figure 6.7, it is revealed that tiwaase in the well width lowers the
value ofEp. Detailed inspection of equation (6.16) shows tbefering this energy
decreases the resonant widih,and this is consistent with [27]. Thus, the peak
current is lower as the well width becomes largam.the other hand, smaller width
gives higher peak current, but the resonant widthjs larger. Therefore a
compromise between these two effects should beewetti for optimal device

performance.
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Figure 6.9: The dependence of peak current anchaese width on the well width
in Alg3Ga /N/GaN double barrier device.

In addition to this work, the influence of usingffdient barrier widths in the
calculation is studied. Figure 6.10 shows & characteristic for Al:Ga N/GaN
DBRTD and the well widthgl, = 1nm for different barrier widthd,. Obviously, the
peak current is found to be lower for larger bavigdths. Refer to equation (6.16),
the increase i, reduces the resonant widih,and also decreases the peak current.
Physically, this seems reasonable as the probabfliglectrons tunnelling across the
barrier is limited by the thicker barrier.
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Figure 6.10: I-V characteristic for AlsGa /N/GaN DBRTD with different barrier
thickness.

As been discussed previously, it is important teigie a device structure that reaches
a compromise between maximum peak current and ramimesonance widtH;,.
Therefore, it is worthwhile to define a “figure ofenit” for the device that gives the
ratio of the peak current to the width of the remadnpeak. In this work, detailed
calculation found that this figure of merit has axamum value for a certain barrier
width dy, at a given Al compositions and the result is shown in Figure 6.11. It is

clearly shown that, as expected, the optimum hathiekness is smaller for higher
Al content.
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Figure 6.11The optimum barrier thickness corresponding to theofposition x.

It is generally accepted that growing DBRTD struetwvith very thin (sub nm)
barriers is problematic, particularly in the culitGa.«N system. This is due to
layer thickness fluctuation and increased probgbitif breakdown under bias.
Moreover, growing with high Al fraction is difficuland previous investigation
showed that the hexagonal inclusions increase Witbontent. Thus, Figure 6.11
suggests that optimum structures may have bamighsless than 10% Al fraction

anddy,>1nm.

In addition, it is also important to understand tiependence of the tunnellihgy
characteristic with the variation of temperaturetHis work, the tunnelling transport
properties of the device with the optimal struckunparameters for an
Aly1GaydN/GaN DBRTD are calculated at 300K and 77K, andréseilt is shown in
Figure 6.12. From the figure, the peak currentZ & found to be slightly lower

than that at 300K. This is expected as the resoeaetgy in the quantum well
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Current [x10™] (A/m?)

becomes more defined at low temperature but thke peaent is lower. This result

only applies to the ideal case, where effects lkatact resistance, thermionic
current across the barrier and structural fluctuataire not taken into account. In a
real experiment, these effects could influencetthasport properties in the tunnel
diode, for example change in the peak current Bad\DR voltage and shape of the

NDR effect. The discussions on the experimental ltesare presented in next
section.

0.0 0.5 1.0 15 2.0 25 3.0
Voltage (V)

Figure 6.12: |-V characteristic for AliGadN/GaN DBRTD at different
temperature.
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6.5: VERTICAL TRANSPORT IN CUBIC Al ,Ga;«N GaN DBRTD

In this work, we have grown a number of cubic@d, N/GaN DBRTD devices
with different barrier heights, widths and latesedes by MBE. The vertical transport
properties of the tunnel devices have been invasihthrough-V measurement. In
this work, we aim to find the tunnel devices thatega clear and reproducible NDR

effect.

6.5.1: Vertical transport in bulk tunnel device

In the beginning of this work, a cubic AlGay gN/GaN DBRTD with well and barrier
widths of 2nm had been characterised. The size efd#vice is around 1nfmA
positive bias is applied on the top contact of tlewice, which corresponds to

forward bias. Therefore electrons are injected ftbenbottom contact.
Figure 6.13 shows thieV characteristic of the device at 300K and 77K. Ldaaly

measurement on lll-arsenide tunnelling devices ,[28) evidence of NDR is

observed.
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Current (mA)
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Voltage (V)
Figure 6.131-V characteristic for Al:Ga dN/GaN DBRTD. No NDR is observed.

Figure 6.14 shows the dependence of conductéH/c/(fv on the bias voltage for the

tunnel device. It can be seen that there is a sialkl around 0.6V. The signal may
correspond to resonant tunnelling and it occuth@tvoltage which is about 2 times
higher than the calculated value. This differenagbpbly arises from the structural

fluctuation during growth, voltage drop across eshtresistance [2] and scattering at
defects and impurities. At room temperature, tlynali is weaker, probably due to

higher thermionic emission that considerably mabkksevidence of the tunnelling in

the device.
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Figure 6.14: Dependence of the current and condaet& on the applied voltage
for Aly1GaydN/GaN DBRTD at 77K. A weak feature can be observedirad 0.6V
in theG-V characteristic.

This observation indicates that the resonant tumgells negligible in I-V
measurements. The difficulty in observing NDR coodddue to the relatively large
device used that causes the current contributioos fstructural fluctuation and
scattering at defects and impurities to be moraifstgnt in thel-V characteristics.
These factors mask the evidence of tunnelling indéhwace structure. However, such
effects can be suppressed when the lateral sizbeotlevice is reduced. For this
reason, we had fabricated a number of much snmaddieices so that the NDR effect

associated with tunnelling is clearly observedimltV characteristic.
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6.5.2: Vertical transport in smaller device

Our simulation results suggested that the optimtrattires may have barriers with
less than 10% Al fraction and barrier widtds> 1nm. However, in a real situation,
lower barrier height could increase the currentmfrthe thermionic emission,
particularly at room temperature, and consequestiypresses the appearance of
NDR in thel-V characteristic. In the following work, a number-&Qum diameter
mesas of cubic AkGa /N/GaN tunnel devices with different structural paeters
were fabricated by plasma etching. The well widtraisund 1nm for all type of
samples. Table 6.2 shows the cubig #&a /N/GaN tunnel devices grown with
different barrier widths and with or without a Gahsffer layer to improve the
crystalline quality of the device structure. Simita the previous measurements, a
positive bias is applied on the top of the deviberefore electrons are injected from
the bottom contact. On the other hand, negative hibows the electrons to be

injected from the top contact.

Table 6.2: Detailed structure for the grown cubig 8 /N/GaN DBRTDs.

Wafer Barrier width (nm) GaAs Buffer layer (Yes/No)
SN-298 3 Yes
SN-299 5 Yes
SN-300 5 No
SN-301 3 No
SN-302 4 No

Figure 6.15 showd-V characteristics for device SN-298 at room tempeeat
Clearly, there is a sharp NDR feature around 1.86¥ a peak current ~0.049mA.
The NDR voltage is found to be ~2 times higher ttr@ntheoretical prediction and
this is probably due to voltage drops across opfets of the device and contact
resistance in the device. Nonetheless, the NDRagelis somewhat close to [9, 29].
The peak to valley ratio (PVR) is approximately 388 it is almost similar to the
typical value of PVR for hexagonal &a_N/GaN DBRTD structures [9, 29, 30].
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Figure 6.15: Dependence of current on applied geltbor SN-298. The device
shows a sharp NDR effect around 1.3V.

It is important to confirm that the observed NDReet in these devices is related to
the existence of the barrier layers. In this wavk, prepared a structure without the
AloGay /N barrier layers. From the measurement, the strecshowed a typical

diode characteristic and the result is reproducibtea number of measurements.
This suggests that the observed NDR effect mussbecated with the presence of

barriers in the structure.

Moreover, the figure points out that the asymmefrthel-V characteristic is due to

the asymmetry of the potential in the device strect Current for negative bias is
negligible due to Schottky barrier betweeiGaAs and GaN layers. From the figure,
the turn on voltage of the Schottky diode is alibGY .
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A number of devices had to be measured in ordéintbone that shows the NDR
effect on thel-V characteristic. We suggest that the fluctuationthef grown layers
may explain this behaviour. For example, some @sveould have too small or too
large barrier width and height that make currenintgbutions from other
mechanisms become more significant, which condnigrsuppress the evidence of
the NDR effect in-V characteristic.

Figure 6.16 shows$-V characteristic for device SN-299 at low tempemturhe
NDR effect can be clearly seen at ~1.36V with akpaarent and a PVR value of
0.19mA and 2.88, respectively. The NDR voltage isnfbto be similar to device
SN-298 as the well width in both devices is ideatidNevertheless, there are
differences in the peak current and the PVR valuinése devices and this could be
due to the variation in the barrier widths. We mgjghat the second NDR at ~2.74V
corresponds to the maximum tunnel current at therggresonant level as this value

is somewhat close to the estimated calculationchwvis about 2.10V.
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Figure 6.16:1-V characteristic for SN-299 at low temperature. @eahe NDR
effect is observed at 1.36V.

So far, we have demonstrated the evidence of NDseweral cubic Al:Ga /N/GaN
DBRTD devices. Next, the reproducibility of the N2Rect of the tunnel device is
investigated. Previous studies on hexagonal nitdeleices reported that the NDR
effect only appears once when sweeping from negatvpositive bias and this is
attributed to the large charge trapping phenomepna tb piezoelectric and
spontaneous fields in the device. It is well knatlvat such fields are absent in the
cubic nitride system. Here, we initially specul#état charge trapping in our case
may originate from the internal fields near defedis release the carriers from the
traps, we propose to sweep the device in the ofgpdsiection and then sweep it
back to positive bias. Figure 6.17 shows the atsdtproperties of device SN-298
for different directions of bias sweeping. Curvetows the first sweep from -2 to

6V. On the subsequent sweep, the device is swempposite direction from 6 to -

131



Current (mA)

6V and the result is indicated by Curve 2. Ther@asNDR is observed and this
agrees with the experimental observation by [9]eWthe device is swept back from
0 to -6V (Curve 3), the NDR feature still can netreproduced.

As has been demonstrated in [8], we also heatdlaipample at 350°C, so that the
trapped carriers could be released. Apart from, thatalso shone UV light on the
sample to restore the carriers from any traps. Hewdhe NDR effect in the device
is not reproducible in both experiments. This ckeaHows that the irreproducibility
of the result is not related to the trapping pheaoa) which we wouldn’t expect in
cubic material. We suspect that the device is direadamaged due to high applied

voltage and therefore no NDR effect can be obseagain on the subsequent

measurements.
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Figure 6.17:1-V characteristic at different bias for SN-298. Clgdne NDR effect
disappears in the subsequent sweeping.
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In the next experiment, we used a different teammigf measurement, where we
immediately stopped the sweeping a few points dffterend of the peak to prevent
the device from breaking down. From that point, sveept the device down to

negative bias and then swept it again from the tineggtowards the positive bias.

Figure 6.18 shows theV characteristic for another device of SN-298, uding
technique. Clearly, the NDR feature is reprodugethe subsequent positive sweep
(from negative to positive side) and this revehi the NDR feature is not related to

the permanent breakdown of the device.

300K ,\
!
15— —Fistscan ,' \ |
—=— Second scan (opposite direction) i \;
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Figure 6.18:1-V characteristic for another device of SN-298 usanglifferent
sweeping technique. Clearly, the NDR effect is ob=# in the subsequence
measurements.
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The first sweep exhibits the NDR effect at 1.4V watpeak current and a PVR value
of 17.60mA and 1.39, respectively. The NDR voltagethis device almost agrees
with that for the first sample (refer to Figure ®) but its PVR value is lower. This is
probably due to large background current (assatiaféh non-resonant tunnelling,
thermionic emission over the barriers, scatterisgisted tunnelling process and
leakage current through the surface states) thakeases the valley current and
consequently decreases the PVR. The change of #kecperent and the shift in the
NDR position in the subsequent positive sweep cbeldue to strong hysteresis that

is typically expected in IlI-V nitrides.

The evidence of the hysteresis in our cubic tuneela is clearly shown in Figure
6.19 for device (SN-302) at 77K. As can be seea,pibsition and the height of the
NDR change between different sweeps. The strongelhess is generally expected
from a wide energy gap and large band discontinuityhe nitrides system. The

hysteresis phenomena is also commonly observe@#s@evices [31, 32].
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Figure 6.19:1-V characteristic for SN-302 at different bias. Clgathe signal of
hysteresis is observed.

Figure 6.20 shows théV characteristic for some tunnel devices with dédfer
structures (refer to Table 6.2) for the first swaeF7K. It can be seen that the NDR
voltage differs slightly between different devicegen though the well width is
similar in those devices. This is probably relatedhte existence of defects, contact

resistance and variation in the grown layer.

Nonetheless, the peak current varies considerablglifferent devices. The peak
current is found to be lower as the barrier widtbréases and this agrees with our
theoretical prediction. As the barrier becomes dgrghe probability of electron

tunnelling through the barrier decreases and caresdly reduces the peak current.
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Figure 6.201-V characteristic for some cubic AlGa N/GaN devices with different
structural parameters. The NDR effect is observell itype of the samples.

Tables 6.3 and 6.4 summarise the tunnelling tramspamperties for all cubic

Al 3sGa /N/GaN DBRTD devices with the variation of structuparameters at 300K
and 77K, respectively. In general, device SN-298;381 and SN-302 are highly
reproducible. These devices have the barrier widthetween 3-4nm. However, the
devices with 5nm barrier widths hardly give repratle results at all. This shows
that the change in the barrier width plays the nrala in influencing the transport
properties in cubic AlsGa) /N/GaN DBRTD rather than the growth of a buffer layer
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Table 6.3: Summary of the results frisdi measurement at 300K.

Peak

Barrier . Peak Peak to .
. Buffer Device current Reproducible
Wafer width voltage . valley
(Yes/No) | number density ; (Yes/No)
(nm) V) 3 ratio
(A-cm™)
SN-298 3 Yes 1 1.40 896.24 1.39 Yes
2 1.48 564.91 - Yes
3 1.75 616.68 1.33 Yes
4 1.36 2.50 3.37 No
5 1.3 112.03 2.5 No
SN-299 5 Yes 1 1.27 194.02 1.64 Yes
2 4.38 0.51 1.25 No
SN-300 5 No 1 2.14 144.62 1.14 No
2 2.87 4.58 3.52 No
3 1.82 36.16 2.02 No
4 2.26 14.26 3.45 No
SN-301 3 No 1 2.13 16.80 1.46 Yes
2 2.29 15.79 1.91 Yes
SN-302 4 No 1 1.20 295.35 1.70 Yes
Table 6.4: Summary of the results frétd measurement at 77K.
Barrier | Buffer . Peak Peak Peak to .
. Device current Reproducible
Wafer width | (Yes/No voltage : valley
(nm) ) number V) density ratio (Yes/No)
(A-cm®)
SN-298 3 Yes 6 1.64 56.02 - No
SN-299 5 Yes 3 1.51 187.40 - No
4 1.36 9.68 2.88 No
SN-300 5 No 5 2.28 212.86 1.71 No
SN-301 3 No 4 1.88 2436.66 - Yes
5 1.82 835.14 1.22 Yes
6 2.12 220.50 1.82 No
7 1.87 238.32 - No
SN-302 4 No 2 1.60 57.54 - Yes
3 1.75 1366.77 - Yes
4 1.57 667.60 2.94 Yes

Statistically, there is a correlation between irogjucibility and low current, for
instance, SN-298 at 300K and SN-301 at 77K. Weatdave a precise explanation

for this behaviour. However, we may speculate thewing:
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As has been mentioned before, the dimension ofcobic tunnel devices is about
50um diameter. However, we must be aware that nopaits of the device are

working because of problems like non-uniformitytieé grown materials and damage
to the device during etching process. Thereforeatitiwe area may vary in different

tunnel devices. Ideally, the current density shooédsimilar in the same device
structure. Thus, if the active area is small thendirrent would be low.

If the active device is too small, the problem tetiato the structural fluctuation
would be more pronounced. From the statisticsND& voltage is fairly consistent
in different devices with the same structure. Thiplies that the fluctuation in the
well width is not the major problem. However, itsisggested that the variation in the
barrier thickness must be responsible for the roégpcibility of the device. This is
possible due to the increased difficulty of growiegbic AkGa.N. This is
illustrated in Figure 6.21.

Ideal structure

l4— AlGaN barrier

l€— GaN quantum well
l4— AlGaN barrier

VRN

(a) Non-uniform barrier (b) Non-uniform well

...................... :T

Active device

A
I

Active device

Figure 6.21: Two possible consequences of structiuetlations during the growth.

The figure indicates how the barrier could be venals in the active area if the well
or barrier layers are not uniformly grown. Where tharrier is thin, the tunnel

current is concentrated there. However, the appdiedtric field is high and may
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destroy the barrier leading to the breakdown ofdééce. From this mechanism, we
propose that the irreproducibility of the tunneVides at low current is caused by the
small active area within the device, which causesstructural fluctuation problem
to become more significant thus leading to breakda¥ the device. Such a
mechanism could also explain the irreproducibilitfy tunnel diodes in wurtzite
(hexagonal) IlI-V nitrides as well as charge traggpphenomena.

6.6: CONCLUSIONS

In this chapter, an introduction to the underlyibgckground physics on RTD
structures has been presented. This is followeddstaled numerical calculation of
tunnelling I-V characteristic with the variation of band offsegll width, barrier

composition and barrier thickness for cubig@d.,N/GaN devices. This calculation
work proposes that the effects of the peak curesmd peak width need to be
compromised for achieving optimum performance eftimnel device. These results
have been used to grow and characterise cubi@afp|N/GaN RTD devices with

different structural parameters. We have succdgsfeimonstrated that some tunnel
devices show a clear NDR effect but not all of thex@ reproducible, probably due

to severe problems with fluctuations in the groayel.
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CHAPTER 7: CONCLUSIONS AND FUTURE PLANS

This chapter summarises the outcome from the studiesbic GaN materials that
have been carried out in this thesis. The use ofccGlaN in various aspects of
device applications was also demonstrated. At thed ef this chapter, some

suggestions for future research will be outlined.

7.1: STUDIES OF CUBIC GaN

In the early part of this project, we reported @dgton cubic GaN material with the
variation of IllI/V ratio, growth rate and wafer pien. Using PL and XRD
measurements, we found that all these factorsenfla the increase of hexagonal
inclusions in cubic GaN, leading to poor quality éabic nitride growth. This
problem however is more significant when the thedsiof cubic GaN is increased.
From the calibration work, a ~pfh cubic GaN layer has been grown for the first
time with a low average proportion of hexagonalismns of around 10% and just
few percent at the interface of cubic GaN and Gadisstrate. Thus, the interface

would be the most suitable surface for further ghow

Next, we investigated the fundamental propertiesudic GaN using picosecond
acoustic measurements. In this material, the samahatity is found to be 6.91+0.1
kms?, elastic constant = 285+8GPa and the refractidexrat 400nm = 2.63%0.04.
Comparison with hexagonal GaN films indicated theise parameter values differ
considerably in different symmetry of GaN. Thesevslloe usefulness of our layers
for determination of the basic properties of culdaN using a wide range of

techniques.

From the Hall transport measurement, the electpogperties of undoped cubic GaN
samples depend on growth conditions and thickriesthis work, we successfully
demonstrated p-type cubic GaN:Mn using C-doping dtgpe behaviour from Si-
doped cubic GaN. However, these samples have Hegttren density but low
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mobility as the residual impurities and intrinsiefects were found to be higher
inside the samples.

In this thesis, we extended the technology of gngwaubic GaN to cubic AGa «N.

A number of cubic AlGa.N samples with different Al content,were grown and
characterised by PL measurement. We found thath#»agonal PL starts to
dominate wherx is increased, even for thin samples. This coulddbe to the
problems of maintaining cubic &ba.N growth. It could also be due to the
miscibility gap between AIN and GaN. More resultsl alata are required to explain
this behaviour.

7.2: PROCESSING OF CUBIC GaN SUBSTRATE

The study on bulk cubic GaN showed that the interfagtween the cubic GaN and
the GaAs substrate has only few percent of hexdgamient. Thus, the surface that
was in contact with GaAs is the most suitable s@féor further processing and
growth. Due to the effect of strain, As inclusi@msl defects were already formed on
the surface. By polishing the surface for ~2 hothiese problems were minimised
and the surface still had low hexagonal contentthis work, the first working

InGaN LED device grown on a polished free-stanainfgic GaN substrate has been
demonstrated. Our polished cubic GaN substrates ialprove the quality of the

grown device as been measured by luminescenck\actiaracteristics.

7.3: CUBIC NITRIDES BASED RESONANT TUNNELLING DIODE

In the first stage of this work, theV characteristics of cubic Aba.N/GaN
DBRTD were calculated for various band offset, watlth, barrier composition and
barrier thickness parameters. From this work, ogtimlesigns of cubic AGa.
«N/GaN tunnel diodes that could be fabricated aratadterised were proposed. The
result was then used as a starting point for thevtyr of cubic AlGa.N/GaN
DBRTD. A number of cubic AGa.,N/GaN tunnel devices with different structural

parameters were grown. Some devices showed ald[2Rreffect but not all of them
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are reproducible due to breakdown of the devices Td@tor may also contribute to
the irreproducibility of wurtzite (hexagonal) ndg based tunnel diodes in addition to

the problem related to charge trapping.

7.4: SUGGESTIONS FOR FURTHER WORK

In this project, we successfully demonstrated B @®ulk cubic GaN samples with
low hexagonal content of about 10%. For furtheestigation, it would be practical
if we use the samples to fill gaps in the tablg@miperties of cubic GaN (in Chapter
2), e.g electron affinity.

We tried to understand the dependence of the eleqroperties of undoped cubic
GaN layers on the layer thickness. However, suchaldeur can not be well
understood due to insufficient statistics and diatdact, the measured samples were
taken from different part of the wafer, where threvgth conditions vary across a
wafer. This makes the results incomparable. Thudutare work, we suggest using
the centre part of the wafer for each measured lgamap it has lower hexagonal
inclusions, as determined from PL measurement, rma#les the analysis more

comparable.

In this work, we reported a working InGaN/GaN bas&®D on our free standing
cubic GaN substrate for the first time. In futunes may invest this technology for
making a high efficiency cubic nitride based lagerde (LD) as the effect of strain

and piezoelectric and spontaneous fields wouldhbigmificant.

We also used the growth technology of cubic GaNgtow cubic AlGa4N.
However, the data analysis is insufficient to edate the dependence of hexagonal
content on Al contentx. Therefore, a suitable growth for cubic,@b N needs to
be developed so that such behaviour can be webrstabd. Similar work can also
be done for cubic W&a.N in order to complete the study on cubic lll-rdes

materials.

If the growth of cubic AlGa.N is well established, then problems with barrier

fluctuation can be reduced. This decreases theofiskamaging the tunnel device,
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giving higher reproducibility of the device. If thiproject is given more time,
fabrication and characterisation of cubic,®#&.,N/GaN DBRTDs with a wider

variety of designs such as different well widthsd avarrier heights would be
undertaken. From this work, more statistics ana dat the tunnel devices would be
available and eventually the optimum possible stmec of the device can be

proposed.
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Appendix

The calibration procedure to estimate the percentag of hexagonal material in a
bulk cubic GaN.

It is well known that the equation for a linear gjnas given as
y=mx+c Q)
wherem is the gradient of the graph ands the intersection gtaxis. From Figure

4.8, the dependence of PL intensity on distance f@aAs/GaAs interface shows
thatc is zero anan = 0.3627. Therefore the average of PL intenisifpund to be

Average of PL intensity % (mxd) 2)

whered is the total thickness (distance) of the cubic @anthat had been excited by
micro laser, which is 3n. Solving equation (2), the average of PL intgnisitequal
to 6.3473.

The same procedure is applied for finding the paaggnof hexagonal as a function
of thickness. By assuming is the gradient for the dependence of the hexdgona
percentage on thickness, therefore

Average of PL intensity & x Average of hexagonal percentage (3)
Knowing that the average of PL intensity = 6.34%8 aaverage of hexagonal

percentage = 10%, thlksbecomes 0.6347. Correspondingly from equationt({i,

percentage of hexagonal can be estimated by

The percentage of hexagonal percentagve% x PL intensity (4)
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Calculating the first energy level in the quantum vell and plotting the electron

wavefucntion in Al,Ga;.x.N/GaN double barrier structure using MS Visual Basc

The first part of this section shows the numericathnd of calculating the first
energy level,Ey and plotting the distribution of electron waveftion, |y]*(z)
throughout a double barrier &a_N/GaN structure.

Form Load
Defining parameters
Put appropriate expected range Bt

\ 4

Choose an energy within the given range.

A

Calculate the value of equation (6.10)

If Else
The value of Egn. (6.10) has changed fr
positive to negative or vice versa, change rarfjge If whole range of energy has been scanngd|
to be between previous energy value and current reduce step size and go back to first enefgyf

energy value. value.
The value of Egn. (6.10) is zero to withih Calculation continues without any change In
specified tolerance. the range oEyx =

The final values ok andx are obtained

Form Load
Use the values d¢andx to find C, D andD’.
Complete equation of wavefunction is obtaine

MATLAB
Plot the wavefunction versus z-direction

Figure 1: The flow chart on calculating the firseegy level Ey and the distribution
of electron wavefunctiony|*(z).
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The example of simulation program

1. Finding k and

Private Sub Commandl_Click ()

Dim Fsteps(100000) As Double
Dim stepindex As Double

Dim stepsize As Double

Dim x As Double

Dim y As Double

Dim En As Double

Dim k As Single

Dim kappa As Single

Dim VO As Double

Dim Fsteps(10000) As Double
Dim prev As Double

mO0 =9.109 * 10 " (-31)
mw = 0.15

mb = 0.16
a=1*10"(-9)

pi = 3.142

hbar = 1.055 * 10 * (-34)
Ecw =0

Ecb = 5.607 * 10 ~ (-20)
V0 =5.607 * 10 ~ (-20)
delta = 1E-37

stepindex = 1

nsteps = 1000

x = 1E-20

y = 5E-20

stepsize = (y - X) / nsteps

Do Until (stepsize <= delta)
For En = x To y Step stepsize

Fsteps(stepindex) = ((mw / mb) * (((VO) / (En - Ecwi)) (1 / 2) - Tan((((a ™ 2) *
mO * mw * (En - Ecw)) / (2 * (hbar ~ 2)))(1 / 2))
prev = ((mw / mb) * (((VO) (Hn - stepsize) - Ecw)) - 1))~ (1/2) —
Tan((((@”™ 2) * monw * ((En - stepsize) - Ecw)) / (2 * (hbar *
2) " (112)

‘Calculate k (prev)
k=(2*m0*mw * ((En - staps) - Ecw)) / (hbar ~ 2)) * (1/ 2)

‘Calculate kappa (prev)

kappa = (mb * k / mw) * ((mvwnb) * ((2 * mO * mw * VO) / ((hbar »
2)* (k" 2)y) ~(112)
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'view all value
Listl.AddIltem En

List2.AddItem Fsteps(stepindex)

List3.AddItem k
List4.AddItem kappa

If (Fsteps(stepindex) >= 0 And prev < 0 Or Fs{sfepindex) < 0 And prev >=0

Then

List5.AddItem En

List6.AddItem Fsteps(stepindex)
List7.AddItem En - stepsize

List8.Addltem prev
List9.AddItem k
List10.AddItem kappa

GoTo continue
End If

Next En

continue:
X = En - stepsize
y=En
nsteps = nsteps * 4
stepsize = (y - X) / nsteps
stepindex = stepindex + 1

Loop

End Sub

2. Finding C, D and D’

Private Sub Commandl1_Click()
Dim C As Single

Dim D1 As Single

Dim D2 As Single

Dim k As Single

Dim kappa As Single

Dim a As Single

k = Val(Textl.Text)
kappa = Val(Text2.Text)
a = Val(Text6.Text)
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‘Calculate C, D1 and D2

C=1/((Cos((-k*a)/2)~2/(2*kappah¥a/2) + (Sin(k * a) / (4 * K)) —
(Sin(-k * @) / (4 * K)) + (Cos((k * d)2) ~ 2) / (2 * kappa)) (1 / 2))

D1 = Cos((-k * a) / 2) / Exp((-kappa * a) / 2*
D2 = Cos((k *a) / 2) | Exp((-kappa * a) / 2

Text3.Text=D1
Text4. Text=C
Text5.Text = D2

End Sub

3. Plotting through MATLAB

a=le-9;

>> z71=-2.5e-9:1e-11:-a/2;
>> 72=-a/2:1e-11:a/2;
>> 73=a/2:1e-11:2.5e-9;

>> k=767512241.584245;
>> kappa=320232031.192469;

>> psil=18044.72*exp (kappa*zl);
>> psi2=16580.93*cos (k*z2);
>> psi3=18044.72*exp (-kappa*z3);

>> plot(z1, psil.*2,'b");
>> hold on

>> plot(z2, psi2.*2,'b");
>> plot(z3, psi3.*2,'b");

>> set(gca, 'fontsize',18);

>> xlabel('z (nm)");

>> ylabel("\Psi*{2}");

>> title('Wavefunction, (\Psi*2) versus z-direction
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Calculating the tunnelling current in Al,Ga;.xN/GaN double barrier structure

The second part of this section describes the ngaigrtocedures for calculating the
tunnelling current in AlGa,.N/GaN double barrier structure. Firstly, structural
parameters, such as well and barrier widths andateespondind=y, k andx are

given in the numerical program. Related constardsatso defined in the program.
Using this information, the integral tunnelling cemt in the device structure is
calculated as a function of bias voltage A example of simulation script is given as

follows.

The example of calculating tunnelling current

clear all

VO = 0.44;

K =7.6620* 10 " (8); %
k_well=1.1012* 10 ~ (9);
a=2*10"(-9); dw=1* 10 ~ (-9);
Ka=x *a;

EpkO = 0.308304174;
mass=0.15*(9.109*10"(-31));
h=4.14*10"(-15);

pi=3.142;

hbar = 6.588160407 * 10 ~ (-16);
vel = hbar*1.6e-19*k_well/mass;
hv=hbar*vel;

q=1;

Efl =0.09128;

kb =8.62 * 10 ~ (-5);

Temp = 300;

kT=kb*Temp;

qV=0;

Epk=1;

M =300;

aqV = (1:M)*(0.02);
aQ = zeros(M,1);

forn=1:M

qVv =aqV(n)
Epk = EpkO - (0.5 * qV)
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aQ(n)= quad(@(E)(1./(1+(((E- Epk)./0.5).72).*((a./M\).*((1+((V0."2).*((expka)-
exp(«a)).*2))./(16.*E.*(VO-E))).~2)).*(log(((1+exp((Ef1-EXT))./(1+exp((Ef1-qV-
E)./kT)))))).*((g.*mass.*kT)./(2.*(pi.~2).*(hbar.”3))P.00001,0.09128)

end

plot(aqV,aQ)
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