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Abstract

An investigation on the optical, composition and surface properties of the Ill-nitride
ternary alloys In,Ga;.,N and Al;,In,N is presented. The structures studied are single
quantum wells (SQWs) and epilayers. The effects of various GaN cap thicknesses,
well widths, Si doping concentrations in the barriers, InN compositions, epilayer
thicknesses and substrates are examined. The techniques used are photoluminescence
(PL) and PL excitation (PLE) spectroscopy for investigating the optical properties,
wavelength dispersive x-ray (WDX) and Rutherford backscattering spectrometry
(RBS) for measuring InN composition. RBS is also used to study the crystalline
quality of the samples; and secondary electron microscopy (SEM) and atomic force

microscopy (AFM) for examining the surface quality.

In,Ga;,N/GaN SQWs with a variety of GaN cap thicknesses and different barrier
doping levels were studied using PL spectroscopy. It was demonstrated that the
In,Ga;,N/GaN SQWs with thin caps give reduced PL intensity and larger PL
linewidths, indicating degradation due to the increasing effects of the surface. As the
doping level in the GaN barrier layers increases the luminescence intensity
decreases, the linewidth increases and the SQW transition energy red-shifts. The
latter is attributed to band-gap renormalisation. The properties of GaN/Al,.,In,N
SQWs were investigated for varying quantum well width and for different substrates.
The GaN/Ali4In.N SQW luminescence peak energy decreases as the well-width
increases, mainly due to the intense spontaneous polarisation fields, and its
dependence on excitation power reveals the effects of carrier screening. Al,In,N
epilayers were also characterised and here the PL peak emission energies decrease
with increasing InN composition. The energy bandgap bowing parameter is found to
be linearly decreasing with increasing InN composition in the limited composition
range studied. Cracks are observed in highly tensile strained epilayers with x < 0.10.
For variations in layer thickness the surface quality and crystal quality worsens with
increasing thickness. Finally, the samples on FS-GaN substrates have 3 to 4 atomic

% more InN than those grown on sapphire. Surface quality degradation is observed
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in samples grown on non-polished sapphire substrates and Al,Ga;., N templates with

high Al content.
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CHAPTER 1

Introduction

1.1  Introduction to III-Nitride Semiconductors

Wide band gap semiconductor materials extend the field of semiconductor
applications to the regions where conventional semiconductors such as silicon (Si)
and gallium arsenide (GaAs) fail. They can emit light at shorter wavelength (blue

and ultraviolet), and can operate at higher temperatures due to their larger band gaps,

high thermal conductivity and chemical inertness.

In the past decade, one of the most studied families of wide band gap semiconductors
is the Group IlI-nitrides. The Group Ill-nitrides comprise GaN, InN, AIN and their
alloys (In,Ga;N, Al,Gaj,N, Al;In,N and Al,;.,,Ga,In,N) which are produced by
mixing binary nitride compounds. They possess direct energy band gaps from around
0.7 eV for InN [1] to 6.2 eV for AIN [2], covering the entire spectral range from the
infrared red to the deep ultraviolet (UV). Since 1993, when Shuji Nakamura
produced the first high brightness InGaN-based blue light-emitting diodes (LEDs)
[3], HI-nitrides have become particularly significant materials for semiconductor
optoelectronic technologies [4]. This, combined with the fact that they are non-toxic,
robust, thermally stable and have high thermal conductivities, makes them excellent
candidates for the use in LEDs and laser diodes (LDs) [5-7]. The energy band gaps

of In,Ga,.,N, Al,Ga;,N and Al;,In,N alloys as a function of the lattice constant (a)
are shown in Figure 1.1.

Much attention has been paid to In,Ga;.N due to its highly efficient emission with
the possibility to cover the entire visible spectral region by changing the InN
composition. It is already widely used in blue, green and white LEDs which are
beginning to replace light bulbs due to their reliability, robustness and most
importantly, low power consumption. For example, in a comparative study of a 70 W

incandescent light bulb and 120 Nichia LEDs, the array of LEDs consumed only
8.6 W [8].
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Figure 1.1 Energy band gaps of InGaN, AlGaN and AlInN alloys as a
function of the a lattice constant [4, 6, 8]. Straight lines are an approximation,

ignoring band bowing.

Blue laser diodes (LLDs) based on In,Ga;..N are found in a number of applications
including high density data storage, high resolution colour printing and laser
displays. Digital versatile disks (DVDs), which entered production in 1996, reply on
red Aljy,In,GaP semiconductor lasers, emitting at around 650 nm. By moving to
violet wavelength through the use of In,Ga; N-based semiconductors, the storage
capacity can be increased by more than 5 times as compared to traditional DVDs
using 405 nm blue-violet lasers [9]. There are two competing new generation DVD
formats at the present time: Blu-ray DVD and high definition DVD (HD-DVD), both
of which employs LDs emitting at 405 nm. The first Blu-ray DVD players, produced
by Samsung, hit the market in June 2006 with other companies to follow suit later in
the year [9]. Sony’s PlayStation 3 games launched in 2007 uses Blu-ray technology
whereas Microsoft uses an external HD-DVD drive for its X-box 360 games console

[9]. HD-DVD players produced by Toshiba were launched in April 2006. Figure 1.2

shows some of the applications of I1l-nitrides [9-12].



Figure 1.2 Some applications of Ill-nitrides. Clockwise from top left-hand

side: Traffic signal lights, digital camera backlighting, cellular phone
backlighting, giant outdoor screens [10], a bridge across the river Clyde in

Glasgow [11], Sony Playstation 3 Blu-ray player [9], and Hydro-Photon

SteriPEN"™ for water purification [12].

Al,Gaj,N alloys with band gaps covering a substantial range of the UV spectral
region, from 200 to 360 nm, are very promising as active media for UV LEDs and
solar-blind UV detectors. UV LEDs can be used in chemical and biological agent
detection systems, air sterilisation and water purification. As for solar-blind
detectors, they can be applied in missile guidance systems, flame detection and
secure space-to-space communication. However the most exceptional range for the
band gap tunability from infra-red to UV could be achieved by using Al InN: it
possibly will find a broader range of applications than both In,Ga,.,N and Al,Ga;,N
simply because it covers a much broader range of wavelengths. Furthermore,
Al InN can be lattice-matched to GaN with an InN fraction of approximately 17 %
[13-15]. With free-standing GaN (FS-GaN) substrates now commercially available,
lattice-matched Al In,N can be deployed to reduce defect densities in strain free

GaN-based devices, such as laser diodes and transistors.

Technological advances have, to a certain extent, over-taken scientific understanding

in the development of IIl-nitrides. Devices have been commercially produced and



applied in a wide range of fields but we lack a complete understanding of the
relationships between optical, surface and compositional properties of these
materials. In this work, the optical, surface and compositional properties of the
ternary alloys In,Ga;..N and Al;.In,N have been investigated in order to contribute

to the understanding of the workings of the nitride system.

1.2 Objectives of Thesis

This work presents the studies of In,Ga; N and Al,.,In,N materials by means of
photoluminescence (PL) spectroscopy, photoluminescence excitation (PLE)
spectroscopy, scanning electron microscopy (SEM), atomic force microscopy
(AFM), electron-probe microanalysis (EPMA), Rutherford backscattering
spectrometry (RBS) and Hall Effect.

This thesis consists of eight chapters. The present chapter has given a brief
introduction to IlI-nitrides, their applications and stated the objectives of this work.
Chapter 2 present some background to nitride semiconductors including the growth
technique, the crystal and electronic band structure, and the luminescence properties
of II-nitrides. Chapter 3 describes the basic principles and experimental setups for
the various characterisation techniques, in this case, PL, PLE, SEM, AFM, EPMA,
RBS and Hall Effect.

The experimental results are presented and discussed in Chapters 4, S, 6 and 7.
Chapter 4 presents the optical properties; in particular, the phonon replicas in
luminescence and temperature-dependent PL spectra, and surface morphology of
In,Ga,;..N/GaN single quantum wells (SQWs) as a function of GaN cap thickness.
Chapter 5 describes the effect of various Si-doping concentrations in GaN barrier
layers on the band gap energy of In,Ga,.,N/GaN SQWs. Chapter 6 analyses the
optical properties of near-lattice-matched GaN/Al,,In,N SQWs as a function of well
width and discusses a quantitative model to characterise the built-in electric field.
The influence of different substrates, in this case c-plane sapphire and free-standing
(FS)-GaN, on the optical properties of the SQWs is also considered. In Chapter 7,

the optical, compositional and surface properties of Al,..In,N epilayers with a range



of InN molar fractions, epilayer thickness and substrates are presented. Finally, the
main results of the thesis are summarised and some suggestions for future work are

given in Chapter 8.
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CHAPTER 2
III-Nitrides: Growth, Structures and Properties

2.1  Introduction

This chapter introduces the relevant background for the Ill-nitride materials,
In,Ga;..N and Al;,In,N, which are the subject of this thesis. The fundamental
material, optical and electrical properties of III-nitride semiconductors determine
their utility and applications in optoelectronics. In,Ga;, N and Al,,In,N samples
investigated in this work are grown by metalorganic chemical vapour deposition
(MOCYVD). This chapter begins with an outline of the growth technique. Challenges
associated with growth of the different IlI-nitride compounds will be highlighted,
and the structure of the samples studied, including their crystal and energy band

structure are discussed. Finally, the optical properties of III-nitrides will be presented

and important issues in the areas will be addressed.

2.2 Growth of III-Nitrides

Due to the extremely high melting temperatures and equilibrium pressures of the
binary compounds, it is very difficult to grow Ill-nitrides from their stoichiometric
melts using techniques such as the Czochralski method [1-2]. The melting
temperatures [2] of GaN, InN and AIN are shown in Table 2.1, along with the
approximate temperatures for the onset of decomposition [3]. Hence, growth

techniques involving low pressure and temperature are employed. As mentioned
above, the technique used in this work is MOCVD.

Table 2.1 Melting temperatures [2] and decomposition temperatures [3] of
GaN, InN and AIN.

Binary Melting Temperature Decomposition Temperature
Compound (°0) (°C)
GaN 2500 850
InN 1900 630
AIN 3200 1040




2.2.1 Metalorganic Chemical Vapour Deposition (MOCVD)

Metalorganic chemical vapour deposition, also known as metalorganic vapour phase
epitaxy (MOVPE), has developed over the past years as the most commonly used
method for the epitaxial growth of commercial I1I-nitride materials [4-5]. It is chosen
over other methods such as molecular beam epitaxy (MBE) because of its ability to
be scaled up to industrial-scale production with relative ease. In contrast to MBE, the

growth of crystals takes place not in a vacuum, but from the gas phase at moderate
pressures (0.02 to 1 bar).

The reactive elements required for the MOCVD growth are produced by the thermal
decomposition of source gases which are heated above a substrate and chemically
react producing the nitride compound. This process requires organo-metallic source
materials (precursors) of high purity. Typically (and in all cases in this thesis) for
GaN, In.Ga;,N and Al,.,In,N production, the precursors used are trimethylgallium
(TMGa or Ga(CH3);), trimethlyaluminum (TMAL or Al(CH3);) and trimethylindium
(TMIn or In(CHj);) to provide gallium, aluminium and indium respectively.
Ammonia (NH;) is used as the source material for nitrogen. The stoichiometric

expressions describing GaN, In,Ga,,N and Al,.,In,N growth are as follows:

Ga(CH,), + NH, - GaN +3CH, @.1)
x.I0(CH,), + (1-x).Ga(CH,), + NH, - In,Ga, N +3CH, 2.2)
x.In(CH,) +(1-x).AI(CH,), + NH, — Al,_ In N + 3CH, 2.3)

A typical MOCVD growth reactor system is represented in Figure 2.1. The TMGa,
TMIn and TMAI are stored in separate containers called bubblers. Here a carrier gas
(usually hydrogen (H,), nitrogen (N;) or an Hy/N; mixture) is bubbled through these
precursors, which picks up some metalorganic vapour and transports it to the heated
reactor chamber. Ammonia is also introduced directly into the chamber from a
separate gas cylinder. It is important to keep the group III precursors and the
ammonia separate as long as possible in order to avoid pre-reactions. Any prior
interactions (also known as parasitic reactions), particularly between Al and

ammonia, would lead to adduct formation in the gas phase and prevent efficient and



high quality crystal growth. The reagent separation plate in the inlet end of the
reactor is used to prevent pre-reaction of the group IIl sources and ammonia. The
growth rate of the epilayers can be estimated through in situ reflectometry [6]. This
involves reflecting laser light off the surface of the growing layer. Oscillations occur
in the reflected intensity due to constructive and destructive interference of the light
reflecting from surfaces at different depths and these are used to determine layer

thickness [6]. This technique can only be used for structures in which there is

refractive index contrast between differing layers.

Mass-flow controllers

7

—
. 5 %
| Reactor chamber

Bubblers

Substrate

Susceptor

Figure 2.1 Schematic view of a MOCVD growth reactor system for
lnxGal_.\-N.

The samples studied in this thesis were grown by several collaborators. The majority
of the samples were from Dr. lan Watson of the Institute of Photonics at Strathclyde
University as well as samples grown at the Department of Materials Science and
Metallurgy from University of Cambridge by Thomas Sadler, Dr. Menno Kappers
and Dr. Rachel Oliver, at CRHEA-CNRS, Valbonne, France by Dr. H. P. David
Schenk and commercially from a LED wafer supplier. N, was used as the carrier gas

for In.Ga;,N growth, Al InN growth, and for thin GaN layers grown in



heterostructures (in this case, for GaN quantum wells (QWs) with Al,.,In,N barriers,
plus barrier and cap layers in In,Ga,..N-based QWs structures). This is because the
presence of H, inhibits indium incorporation. H, was used as the carrier gas for

growth of GaN buffer layers, which allows faster growth rate.

2.2.2 Challenges Associated with Growth of III-Nitrides

Despite the fact that commercial nitride based optoelectronic devices are readily
available, growth of high quality nitride structures is complicated. The main
problems associated with IIl-nitrides growth are (i) the extreme differences in
physics and chemical properties between the binaries GaN, InN and AIN; and (ii) the
lack of suitable substrates for homoepitaxial growth, which will be further discussed
in Section 2.5.3.

For In,Ga,,N, it is difficult to incorporate indium and nitrogen into the material at
the same time. As shown earlier in Table 2.1, InN has a low decomposition
temperature and the equilibrium vapour pressure of N; over InN is high. Hence, this
puts an upper limit on the temperature that can be used. However, due to the high
stability of the ammonia molecule, its cracking efficiency is very poor at low
temperatures. Thus, a high V/III ratio is required to avoid the formation of nitrogen
vacancies. Furthermore if the growth temperature is too low, indium droplets can
form on the film surface [7]. These act as sinks for additional indium and severely
degrade the film quality. Droplet formation can be suppressed by using nitrogen as a
carrier gas instead of hydrogen [2]. The typical MOCVD growth temperature for
In,Ga,.N is ~ 800 °C compared to over 1000 °C for GaN.

As for Al;InN structures, the difficulties in growing layers of sufficient quality
include the large immiscibility gap and difference in the thermal stability between
AIN and InN. As discussed above, In-containing layers are grown at low
temperatures and high V/III ratio, in contrast to Al-containing layers which are
grown at high temperatures and reduced V/III ratios [8]. There is a need to balance
the low temperature demands for In incorporation with the higher temperature

needed for sufficient surface mobility of the Al adatoms. Moreover, the large



difference in bond lengths in Al,.In,N leads to the prediction of a miscibility gap in
these alloys [9] which may lead to phase separation and compositional

inhomogeneities [8-9]. The best Al;.In,N quality is obtained close to lattice match to
GaN [10-11].

2.2.3 Dopants

Usually, GaN material without any intentional doping (or non-intentional-doped) is
lightly n-type with a carrier background of 10'° to 10'® cm™. However, devices
require intentional doping for highly doped n-type and p-type layers in order to raise
or control the density of carriers that are involved in current flow. Silicon (Si) is
commonly used as n-type dopant in GaN since it effectively incorporates on the
gallium site and forms a single shallow donor level, with a low activation energy of
around 20 meV. Thus, this allows almost complete donor activation at room
temperature. Magnesium (Mg) is widely used as p-type dopant. However, post-
growth activation is required to dissociate Mg-H complexes incorporated in as-
grown material and has a high activation energy of approximately 200 meV. Hence,
in order to get hole concentrations in the mid-10"7 ¢m™ range, Mg atom

concentrations must approach the solid solubility limit (~ 10%° em™ in GaN [12]).

2.3  Crystal Structure

The Ill-nitride semiconductors can occur in two common crystal structures: the
wurtzite (hexagonal) and zincblende (cubic) structures as shown in Figure 2.2. The
wurtzite structure is more common as it is easier to grow and is thermodynamically
stable [2, 5, 8] hence giving better results in optoelectronic devices [13]. In this

thesis, all the samples under investigation have the wurtzite structure.

Crystallographically, the wurtzite and zincblende structures are very similar with
tetrahedral bonding to the next nearest neighbours. The wurtzite structure can be
thought of as a sequence of layers of atoms of the same elements built up from
regular hexagons where the Bravais lattice is hexagonal. The hexagonal unit cell has
two lattice constants, ¢ and a. The c-axis is the principal axis of rotational symmetry

and is usually the growth axis of Ill-nitride materials in most cases. There is also an
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internal cell parameter u which is defined as the ratio of the length of the III-nitride

chemical bond parallel to the c-axis to the c lattice constant. The ideal values for u
and c/a for the wurtzite structure are 3/8 = 0.375 and +/8/3 = 1.633, respectively.
The lattice parameters obtained experimentally for GaN [14], InN [15] and AIN [16]
are listed in Table 2.2. The deviations of experimental values of the lattice

parameters from ideal values are due to the asymmetry in atomic charge distribution

which is induced by the lack of a centre of symmetry [17].

Figure 2.2  Crystal structures of III-Nitrides: Wurtzite (left) and Zincblende

(right). The white circles represent group III atoms and the black are nitrogen
[2, 13].

Table 2.2 Lattice parameters of GaN [14], InN [15] and AIN [16].
Material a(A) c (A) c/a u
GaN 3.189 5.185 1.626 0.3768
InN 3.538 3.704 1.612 0.3790
AIN 3.111 4.98 1.601 0.3819

The random ternary alloys of binary semiconductors, 4,B,..C alloys, are expected to
follow Vegard’s law [18] whereby the lattice constant varies linearly with

composition between the binary constituents 4B and AC:
a(x) = x.a(AC) + (1-x).a(BC) (2.4)
c(x) = x.c(AC) + (1-x).c(BC) (2.5)
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However, a deviation from Vegard's law for the lattice constant has recently been
reported in some of the Ill-nitride alloys by K. Lorenz et. al. [19] and V.
Darakchieva er. al. [20]. K. Lorenz et. al. observed that the measurement of strain by
Rutherford Backscattering/Channeling (RBS/C) in combination with Monte Carlo
(MC) simulations give excellent agreement with x-ray diffraction (XRD) data but
significant differences are revealed in the measured Al InN compositions. This
discrepancy can be eliminated by introducing a correction to Vegard's law. Also, V.
Darakchieva et. al. have studied the lattice parameters and strain evolution in
Alj—In:N films with 0.07 < x <0.22 grown on GaN-buffered sapphire substrates by
MOCVD using reciprocal space mapping. Strain in the Al-rich Al In,N films is
found to affect the differences between the In contents determined by XRD and
Rutherford backscattering spectrometry (RBS) for highly strained pseudomorphic
films, suggesting a strain-driven deviation of the lattice parameters from Vegard’s
rule in this case. On the other hand, a good agreement between the In contents
determined by XRD and RBS is found for Al In,N films with low degree of strain
or partially relaxed, suggesting applicability of Vegard’s rule in the narrow
compositional range around the lattice matching to GaN. These findings suggest that
the experimentally observed deviations from Vegard’s rule may depend on the

growth technique and conditions, material properties, strain and composition range.

24  Energy Band Structure

When atoms condense to form a solid, their discrete atomic energy levels transform
into energy bands due to Pauli’s Exclusion Principle. The energy band structure
determines the optical and electrical properties of semiconductors. All wurtzite
nitrides are direct band gap semiconductors, meaning the minimum conduction band
energy and the maximum valence band energy occur at the same value of crystal

momentum k [21]. Hence, the fundamental optical transitions of lowest energy occur

at the same point of the Brillouin zone, namely I'-point (k = 0).

241 GaN

The valence band in GaN is split into three bands due to the crystal field interaction
and spin-orbit interactions [22-23]. They are denoted as A(I"), B('%;) and C(I'"y).

12



Figure 2.3 shows the calculated band structure of GaN [22]. The holes (and excitons)
associated with A(T"), B(I'7) and C(I'""7) bands are called A-, B- and C-type holes

(or excitons).
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Figure 2.3  Calculated band structure of wurtzite GaN at 10 K [22]. The

symbols ‘C.B.’ and ‘V.B.’ stand for conduction band and valence band,
respectively.

242 InN

Early research had yielded a band gap of about 1.89 eV [24] in polycrystalline InN
samples. With the improvement in the growth techniques, good quality InN films can
now be produced. Recent measurements suggest that the band gap of wurtzite InN is
below 1 eV, i.e. around 0.68 to 0.80 eV [25-27]) much smaller than the earlier
accepted value. The discrepancy between 0.68 to 0.8 eV is attributed to the use of
different approaches for modelling the spectral response around the absorption edge
and to shifts due to band gap renormalisation (BGR) and/ or Burstein-Moss (BM)
type conduction band filling [27-28]. Figure 2.4 shows the calculated band gap
structure of InN. The valence band ordering in InN is the same as GaN [26].
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Figure 2.4  Calculated band structure of wurtzite InN [26]. The sign L (||)

denotes the direction perpendicular (parallel) to the ¢ axis of the InN epilayer.

243 AIN

AIN is the only wurtzite semiconductor compound that has been predicted to have a
negative crystal field splitting at the top of valence band [29-31], and this is
confirmed through experiments [32]. Figure 2.5 shows the calculated band structure
of AIN. By comparing with the band structure of GaN, the most significant
difference is the negative crystal-field splitting in AIN (-217 meV) instead of a
positive value (42 meV) in GaN [31]. It is because the order of the valence bands in
AIN is different from that of GaN. The valence bands, given in increasing order of
their transition energies, are A(I"'7), B(I"9) and C(I"'7) for AIN, whereas in GaN the
order is A(I'%). B(I'*7) and C(I'™"7).
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Figure 2.5  Calculated band structure of wurtzite AIN at 300 K [29].

The band gap energies of 4.B,.,C alloys can be expressed as follows:

E,(A4,B_.C) = x.E (AC)+(1-x).E, (BC) - b.x.(1-x) (2.6)

where b denotes the bowing parameter accounting for the deviation from a linear
interpolation between the two binaries 4B and BC. The bowing parameter is always
positive for the ternary alloys In,Ga, N, Al In,N and Al,Ga, N, which reflects a
reduction of the alloy energy gaps. For In.Ga,..N, recent band gap data give a
relatively small bowing parameter of 1.43 eV [25, 33]. A bowing parameter as large
as 2.6 eV was needed when the band gap of InN was determined as 1.9 eV earlier

[34]. For Al;.InN alloys, the bowing parameter is reported to be 6.2 eV [35].

2.5  Sample Structures

The In,Ga|N and Al InNN structures investigated in this thesis are epilayers and
single quantum wells (SQWs). The substrates used are c-plane (0001) sapphire, free-
standing (FS)-GaN and Al,Ga,,N templates with AIN molar fraction y ranging up to
23.4 %. The latter were purchased commercially from TDI Inc. [36].

2.5.1 Epilayers

An epilayer is a single crystal layer of material grown on the surface of another

single crystal material (called the substrate) [21]. When such a layer is grown on a
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substrate of the same material, the process is known as homoepitaxy [37]. This is the
best way to obtain high quality epilayers. However, this is not always possible, as is
the case with the nitrides due to high melting temperatures and corresponding high
nitrogen equilibrium pressures. Hence, the growth is usually carried out on substrates
of a different material. This process is known as heteroepitaxy [37]. In order to
obtain a good quality epilayer, nucleation and buffer layers are grown before the

epilayer as illustrated in Figure 2.6. A discussion about the nucleation and buffer

layers is presented in the next section 2.5.2.

Buffer layer

<«— Nucleation
layer

c-plane sapphire substrate

IR NET S

Figure 2.6 Schematic diagram of an epilayer structure on c-plane sapphire

substrate.

The state of strain in the material has been shown to be dependent on the thickness of
the epilayer [38]. It can be grown either pseudomorphically strained, relaxed or a mix
of both. Pseudomorphic growth is where the in-plane lattice constant of one epilayer
matches that of the material it is grown on. In the case of In,Ga, N, the material
undergoes compressive strain to match the smaller lattice constant of its GaN buffer
layer. It has been reported that beyond a certain layer thickness, called the critical
thickness (), no more strain can be accommodated in the lattice [38]. At this point,
defects and dislocations form and the In,Ga,_ N layer begins to relax. An estimated

value for the critical thickness in In,Ga,,N, with InN content of 15 % is ~ 65 nm
[39].

It has been found that the polarity of the GaN buffer layer can affect the

luminescence efficiency of In,Ga,,N [40]. The polarity is dependent on the growth
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technique used. In MOCVD samples Ga-faced polarity films are generally obtained,
while in MBE material N-faced polarity is predominant. The In,Ga;..N on Ga-faced
polarity film was found to have better crystalline quality and more efficient

luminescence than that grown on the N-faced polarity films [40].

2.5.2 Substrates

As mentioned earlier, IIl-nitrides are mainly obtained by epitaxial growth on various
substrates. Sapphire is most commonly used as it is readily available, low cost,
transparent, thermally stable, good crystalline quality and has high thermal
conductivity [3, 6]. Other possible substrates include silicon carbide (SiC) and silicon
(Si). However, there are major drawbacks in the form of high degree of lattice and
thermal mismatch between them and the nitride compounds. For example, the in-
plane lattice mismatch between GaN and c-plane (0001) sapphire is ~ 16.1 %. This
lattice mismatch can be reduced slight by a 30 ° in plane rotation of the IIl-nitride
lattice compared to that of the sapphire [3, 6]. However the degree of lattice
mismatch remains high. When GaN is grown directly on sapphire, the strain induced

by the lattice mismatch is partially relaxed by the formation of 3D islands resulting
in low quality material with rough surfaces.

In order to produce good quality film, a two-step growth process was introduced by
Yoshida et al. [41] in 1983 and perfected by Akasaki, Amano and co-workers in later
years [42-43]. Nucleation layers of either AIN or GaN are grown at low temperatures
(500-600 °C) to reduce the strain between the substrate and film and to promote
lateral growth. The optimum thickness of the AIN nucleation layer at 500 °C is
~ 20-50 nm [44]. This is followed by the growth of a buffer layer (GaN or AIN) at
high temperature to reduce further the strain and defect density and provide an
effective substrate for the final epilayer growth. GaN buffer layers generally consist
of many hexagonal columns with similar orientations and the resulting epilayer
shows a similar form [1]. The nucleation layer is originally grown as 3D islands but
as the growth temperature is increased for the main growth, it recrystallises allowing
high quality layers to be formed [6, 44]. Although the two-step growth process leads

to GaN layers with smooth crack free surfaces, the different coefficients of thermal
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expansion between substrate and nitride layer introduce residual stress upon cooling.
These induced stresses lead to the formation of threading dislocations which are
detrimental to the lifetimes of the laser diodes and the performance of UV devices.
One way to reduce such defect density is to grow a thick buffer to further reduce the
strain and defect density and provide an effective substrate for the final epilayer

growth. Table 2.3 summarises the basic parameters of GaN, InN, AIN, sapphire, SiC
and Si.

Table 2.3 Lattice mismatch and thermal expansion coefficients of GaN, InN,

AIN, SiC and Si with respect to (w.r.t.) sapphire [13-16, 45].

Material Lattice In-plane Thermal | Thermal expansion
constant mismatch expansion mismatch
(w.r.t. sapphire) | coefficient (w.r.t. sapphire)
(%) (x 10° K™ (%)
GaN a=3.189 +16.1 5.59 -25.5
c=5.185 - 7.75 -8.8
InN a=3.538 +259 3.90 -48.0
c¢=5.704 - 2.80 -67.1
AIN a=3.111 +13.2 5.30 -29.3
c=4.978 - 4.20 -50.6
Sapphire | a=4.758 - 7.50 -
c=12.991 - 8.50 -
6H- SiC a=3.08 5.0374
c=15.12
Si a=5.4301 3.59

2.5.3 Quantum Wells

A quantum well (QW) consists of a thin layer of material whose typical thickness is
of a few nanometres, being sandwiched between two layers of another wider-gap
semiconductor material. Figure 2.7 shows a representation of Type I In,Ga;.,N/GaN
QW where the electrons and holes are'conﬁned in the same layer (In,Ga;,N). The
sandwiched material with a smaller band gap is called ‘well’, and the material at both
sides with larger band gap is called ‘barrier’. This structure creates a two-
dimensional quantum confinement of the excited carriers giving a series of discrete
energy levels in the well. The width and depth of the well determines the energy of

these levels. In Chapter 6, the optical properties of GaN/Al;.In,N QWs as a
function of well width will be presented.
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Figure2.7 A representation of In,Ga; ,N/GaN QW structure. E; denotes
energy gap.

QW structures with one well are referred to as single quantum wells (SQWs). For a
sample with a number of wells where each is separated by a barrier layer, the
structure is termed a multiple quantum well (MQW). In a MQW, the barrier has to be
sufficiently thick to prevent coupling of carriers between layers, leading the wells to
act independently. This effectively amplifies the optical properties of the structure
while maintaining the original confinement conditions of a SQW. Typical
thicknesses of the well are of the order of a few nm, suggesting that the well layers
are grown pseudomorphically with the barrier layer. In this work, SQW structures

were employed with well widths varying from 1.5 to 4 nm.

2.6  Luminescence Properties of I1I-Nitrides
The [lI-nitrides (AIN, GaN and InN) are a family of semiconductors that crystallise

predominantly in the wurtzite (hexagonal) system. They have direct optical band

gaps: AIN of 6.2 eV at 300 K [29); GaN of 3.5 eV at 10 K [21]; InN of 0.68 eV at
42K [27]).

2.6.1 Phonons

Phonons are quanta of the collective lattice vibrations. They play an important role in

the luminescence spectrum because in the exciton recombination process, the energy
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delivered is not only given to the photon but also to the lattice, leading to the so-
called phonon sidebands (PSBs). This energy is that of the phonon and its value
corresponds to the difference in energy from the main PL peak [zero-phonon line
(ZPL)] and the satellite peaks at lower energy in the spectra. The interaction of
carriers with phonons is known to strongly affect the optical properties of
semiconductors. Among all types of electron-phonon interactions, the Frohlich
interaction which arises from the Coulomb interaction between the carriers and the
electric field produced by the longitude optical (LO) phonons, is the dominant one in
[11-nitride semiconductors due to the strong ionic nature of the chemical bonds [43].
As the LO-phonon Frohlich interaction is the strongest, usually only the LO phonon
replicas are observed. The strong exciton-LO-phonon coupling is manifested by the
appearance of phonon-assisted emissions in the photoluminescence (PL) spectrum,
as illustrated in Figure 2.8, which show the occurrence of a series of equally spaced

emission peaks [i.e. ZPL and LO-PSBs (1LO, 2LO, etc.)] whose intensity decreases

as the emission energy decreases.
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Figure 2.8  Low temperature (T = 25 K) PL spectrum of the 2.5 nm thick cap

In,Ga;.\N/GaN SQW (well width of 2.5 nm) with zero-phonon line (ZPL) and its
phonon sidebands (1LO, 2LO, 3LO).
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The distribution of the emission intensities between the main peak and the phonon
replicas has been found to depend strongly on the exciton—phonon coupling strength.
Within the Franck—Condon approximation, this coupling is expressed by the Huang-
Rhys factor S [46-48]. At low temperature, the relationship between the intensity of

the n'® phonon replica I, and the main emission Jp is given by:

=15 n=0,12,.. @.7)
n!
where the S factor is defined as [45-47]:
1 2
S=———Y |D, 2.8
2ho’LO 2,2, (28)

where o is the frequency associated to the phonon energy and D, has a magnitude
proportional to the g" Fourier transform coefficient of the particle charge
distribution, which is related to the degree of localisation. Thus, localised excitons
show strong PSBs because their wave function contains large g components which

allow them to couple to a wide range of LO phonons.

There are several important aspects to take into account for LO-PSBs, namely, the
degree of exciton localisation and the spatial separation of the electron and hole wave
functions, enhanced by the intense in-built electric fields (spontaneous and

piezoelectric polarisation fields). These factors will be discussed in the following

subsections.

2.6.2 Exciton Localisation

An exciton is defined as the bound state of an electron and a hole. Exciton formation
can be explained as follows: a photon enters a semiconductor, exciting an electron
from the valence band into the conduction band. The missing electron in the valence
band leaves a hole behind, of opposite electric charge, to which it is attracted to the
electron by the Coulomb force. The exciton results from the binding of the electron
with its hole. When an exciton gets trapped in a confined area, it is considered as
localised. This is caused mainly by potential fluctuations due to alloy fluctuations,
well thickness variations, phase separation, strain inhomogeneities, or localised

defect states. For example, due to fluctuation of indium composition within the
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In,Ga|,N layer, excitons can transfer to localised potential minima in real space;
local tensile strain reduces the effective band gap, and compressive strain increases
it, hence a juxtaposition of these different strains would lead to potential
inhomogeneities holding localised states; and for localised defect states, they could
be caused by deep donor or deep acceptor-like states [49-50]. Some of these

mechanisms are illustrated in Figure 2.9.
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Figure 2.9  Schematic illustrations of some of the origins of the carrier

localisation in In,Ga;.N [50].

Hopfield [51] has shown that in a direct gap semiconductor, an optical transition
involving excitons with a well-defined & has a vanishing small LO-PSB intensity
relative to that of its zero-phonon line (ZPL). This is a direct result of momentum
conservation. However, if the recombination of excitons takes place in the field of an
imperfection (i.e. localised excitons), the k conservation rule can be relaxed. Thus
stronger PSBs are expected to be observed in the case of increasingly localised
excitons. In other words, the transitions involving weakly localised excitons are
expected to show relatively smaller LO-PSBs. Thus, the degree of exciton

localisation is related to the strength of the PSBs. Luminescence of PSBs has been
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used to extract information regarding the degree of exciton localisation in alloys such
as GaAs [47], GalnP [52] and In,Ga, N [53].

The form of LO-PSBs in the PL spectra of In,Ga;.,N/GaN quantum wells with
variations in InN fraction, PL peak energy, and number of wells were described in
Ref. 54. The Huang-Rhys factors were shown to decrease linearly with PL peak
energy. At the same time the difference between the S factor for transitions involving
the ZPL and those for higher satellites was shown to decrease. These observations
were related to increasing localisation with InN content in the wells. The temperature
dependence of these differences between successive S factors for an In,Ga;.,N/GaN
multiple quantum well has also been discussed in terms of exciton localisation [53].
Modelling of the PSBs in In,Ga;,N QW and quantum dots of different dimensions
led to discussions of the offsets between the electron and hole wave functions [S55-
56). Later work fitted the PSBs in a series of In,Ga;.,N/GaN QWs to a single S factor
and used theoretical modelling in combination with TEM observation to argue that

well-width fluctuations were the primary source of exciton localisation on a length
scale of approximately 2 nm [57].

2.6.3 Spontaneous and Piezoelectric Polarisation Fields

In the following the influence of spontaneous and piezoelectric polarisation on the
physical properties of Ill-nitrides will be discussed. This class of polarisation related
properties is important for devices because the electric fields influence the shape of
the band edges and the carrier distribution inside nitride-based heterostructures.
Therefore spontaneous and piezoelectric polarisation can influence the radiative
recombination in light-emitting devices [3]. In the absence of external electric fields,
the total macroscopic polarisation P of a material is the sum of the spontaneous

polarisation P in the equilibrium lattice and the strain-induced or piezoelectric
polarisation P’Z,

Ambacher et. al. [58] explained a large spontaneous polarisation (P?) is present due
to the lack of inversion symmetry of the wurtzite structure and the ionic nature of the
covalent-nitrogen bond. The orientation of P* depends on the polarity of the material
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[59-60]. This is in turn determined by the substrate- and preparation-dependent
growth face [N-face, i.e. (000-1) surface up and Ga-face, i.e. (0001) surface up] [61],

and growth techniques as mentioned in Section 2.5.2.

Lattice and thermal mismatch in epitaxial materials is commonly present, especially
in wurtzite III-V materials. For instance, Al,Ga;,N/GaN QWs are usually epitaxially
grown on GaN buffer layers along the crystal axis (0001), using sapphire as the
substrate. The Al,Ga;,N layers, which have smaller lattice parameters than GaN, are
under tensile strain while the GaN layers remain unstrained. Thus, piezoelectric
fields P"E are introduced into the barrier layers. Following Bernardini et. al. [59], P"*

can be calculated by using the piezoelectric coefficients e33 and e3; as:
P =ese tes(ext6) (2.9)

where ay and cg are the equilibrium values of the lattice parameters, €. = (¢ - ¢g)/ ¢y is
the strain along the c-axis (0001), and the in-plane strain €, = ¢, = (@ - ag)/ ay. Table

2.4 lists the calculated spontaneous polarisation and piezoelectric constants for I1I-V

wurtzite nitrides [62].

Table 2.4 Calculated spontaneous polarisation fields (P?) and piezoelectric
constants (e;; and e3;) for I1l-nitrides [62].
Material P? (C/m°) e3; (C/m’) e3; (C/m”)
GaN -0.034 0.67 037
InN -0.042 0.81 -0.45
AIN -0.09 1.5 -0.62

The strain acting on the material determines the direction of the piezoelectric
polarisation. For compressively strained In,Ga;,N, both spontaneous and
piezoelectric polarisations are orientated along the hexagonal c-axis. For a layer
under tensile strain (e.g. Al,Ga;,N on GaN), the piezoelectric polarisation points
along (0007). Hence, it is clear that the two components (P and P” £y can add or
cancel each other depending on the strain and polarity. Hence, the total electric field

(E)is:

P¥ £ P7)

(
E=
—y (2.10)
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where ¢ is the permittivity of free space (8.85 x 10°'? F/m) and &, is the dielectric

constant of the material.

These fields significantly influence the distribution and lifetime of excess carriers in
In,Ga;.,N and GaN QWs and can have an important impact on the performance of
the devices. The influence of the electric field on the recombination process can be
described using the quantum-confined Stark effect (QCSE) as illustrated in Figure
2.10.

(a) quantum confinement in SQWs
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Figure 2.10  Schematic drawing of the band edge profiles of two QWs with

different thicknesses under (a) quantum confinement and (b) quantum confined
stark effect (QSCE) [60].

The radiative recombination between the hole and electron ground levels inside the

rectangular QW is increasing in energy with decreasing well width due to quantum

confinement (Figure 2.10(a)). The optical transition is blue shifted in energy. In the

25



presence of a polarisation-induced electric field, the shape of the rectangular well has
to be replaced by a triangular QW in which the recombination of the photogenerated
electron-hole pairs is red shifted in energy due to the QCSE effect (Figure 2.10(b)).
With increasing well width, the transition energy decreases as a result of QCSE. The
PL lifetime also shows large well width dependence, varying from sub-ns to more
than ps if the well-width increases from 2 to 7 nm [63]. This is because the QCSE
results in the separation of wavefunctions between electron and hole, resulting in a
reduction of the oscillator strength as the well width increases. It is also important to
note that the transition energy tends to blue-shift as the injected carrier density

increases, which is a result of screening effect of the internal electric field by charged

carriers.

There has been controversy on the emission mechanism in In,Ga;.,N-based
semiconductors. Some reports claim that the large Stokes-like shift between
absorption and emission is due to the effect of exciton localisation caused by
inhomogeneous distribution of indium in In,Ga;,N [64]. On the other hand, some
groups have reported it is due to the quantum confined Stark effects [65], which are
induced by the large internal electric fields whose origins are piezoelectric effects.
The ideas of exciton localisation and piezoelectric fields are not in contradiction and
may be thought of as influencing each other. The presence of a localisation site, such
as a QD, could affect the strain acting on the material and subsequently affect the
piezoelectric field induced. Similarly, the piezoelectric field could affect the
recombination process in the localisation site by means of the QCSE. The degree of
exciton localisation and the contribution from internal electric fields differs from
samples because of the difference in growth conditions. Their relative contributions
are hard to separate but the SQW samples with varying cap thickness are shown to

provide some details as discussed in Chapter S.

2.6.4 Band Gap Tailoring of Heavily Doped III-Nitrides
As previously mentioned, HI-nitrides can be doped with various impurities such as Si
or Mg to obtain the required doping concentration and resistivity. Usually Si is used

as the n-dopant due to its relative ease of doping and availability. Doping can
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influence the band gap measured optically from QWs in a number of ways by
making it larger or smaller in comparison to the original host crystal as shown in
Figure 2.11. In a heavily doped n-type semiconductor, the donor electrons partly fill
the conduction band resulting in widening of band gap as shown in Figure 2.11(b).
The band gap widening is counteracted by a narrowing associated with different

many-body effects on the conduction and valence bands as shown in Figure 2.11(¢).

a) b) c)

Figure 2.11 (a) Schematic band structure with parabolic conduction and
valence band separation defined by E,,, (b) optical gap widening due to the
Burstein-Moss (BM) shift and, (¢) representation of a perturbed band structure
and ensuing optical gap E; in the case of many body interactions. The shaded

areas denote the occupied states. The Fermi wave vector A is indicated [66)].

A more detailed discussion will now focus on the band gap widening and narrowing.
Band-filling describes the occupation of electron bands by carriers (or hole bands
depending on the type of dopants). If the absorption properties are studied then band-
filling has, of course, an influence on the observed absorption edge. Due to the Pauli-
exclusion principle for electrons, the absorption into the occupied states is not
possible. Therefore, the absorption edge is blue-shified to higher energies due to the

lack of empty states in the conduction band. This observation of such a shift in
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absorption edge is known as the Burstein-Moss (BM) shift [67-68]. Also, due to the
band-filling, there are now a lot of electrons in the conduction band with different -
vectors. If the valence band has a small curvature (high hole mass), the photo-excited
holes are found over a larger k-range. This means that the electrons with a certain &-
vector can recombine with these holes, under k-conservation rule. Hence, a blue-shift

in energy can also be observed from the emission spectrum [69].

Band gap narrowing occurs when the carrier density is above the critical Mott
density. The critical Mott density [70] is defined as the carrier density at which the
semiconductor—metal transition occurs. It is known to be inversely proportional to
the cube of the effective Bohr radius of the donor [71-72]. A modification of
electronic states begins to appear in the crystal where the exchange and correlation
energies renormalise the band gap energy, resulting in an energy downshift of the
conduction band edge and an energy upward shift of the valence band edge [72-75].
Such band gap narrowing due to many-body effects arising from the presence of free
carriers is known as band gap renormalisation (BGR). The BGR effect has to be
treated by many-body theory, since the energy seen by a carrier depends upon the
presence of other electrons and holes. Electrons and holes are charged particles with
Coulomb forces acting between them. At low densities, this interaction does not play
any role. At high densities however it becomes more and more important. Jain and
Roulston [75] reported general equations for BGR for »- and p-type Si, Ge and GaAs
layers. The equations are derived by identifying the exchange energy shift of the
majority band edge (4), correlation energy shift of the minority band edge (B), and
impurity interaction shifts (C) of the two band edges:

AE,(BGR) = A.n'” + B.n'"* + C.n'? (2.11)

where 7 is the carrier concentration.

This BGR effect is competitive with the band-filling effect. These effects are of great
importance in determining optical properties and device performances since they
play significant roles in affecting the energy gap in intentionally doped

semiconductors. Their relative contributions on the energy gap will be discussed

further in Chapter 6.
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2.7  Summary
In this chapter, a brief description of the growth technique used, the crystal structure

energy band gap, and an outline of the structures of the samples investigated were
presented. Furthermore, the main theories currently proposed to explain the exciton
recombination process and subsequently the luminescent properties of III-Nitrides
were discussed. The discussion was split into three main parts: localisation of the

exciton, the effects of spontaneous and strain-induced piezoelectric fields, and band

gap tailoring due heavy doping.
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CHAPTER 3

Experimental Techniques

3.1 Introduction

As is the case in much semiconductor research, this work has relied on the
application of a range of characterisation techniques for optical, surface and
compositional properties. These techniques have been accessed either at Strathclyde
University or through collaborations. This chapter provides a comprehensive survey
of the characterisation techniques used in this thesis. The techniques used are
photoluminescence (PL) and PL excitation (PLE) spectroscopy for investigating the
luminescence properties; secondary electron microscopy (SEM) and atomic force
microscopy (AFM) for visualisation of the surface morphology; electron probe
micro-analysis (EPMA) and Rutherford backscattering spectrometry (RBS) to study

the compositional properties; and Hall Effect for the carrier concentration and
mobility.

3.2  Optical Characterisation

The luminescence properties and excitation mechanisms of Ill-nitrides are the main
topics described in this thesis. Luminescence is defined as the emission of light,
usually as a result of some input of energy into a material. It is classified according to
the way in which the material is excited: photoluminescence (PL) for light excitation,
cathodoluminescence (CL) for electron-beam excitation, electroluminescence (EL)
for electric field as excitation source, etc. By analysing the luminescence spectra,
important properties such as the band gap energy, peak emission energy, peak
widths, relative intensities and thermal quenching could be determined and compared

with compositional and surface information to give a fuller picture of the materials
under investigation.

Various setups, excitation sources and detection methods have been used to
characterise the optical properties of the samples. There are two setups used to

measure PL and PL excitation (PLE) spectra. One PL setup uses cither a 325 nm
Helium Cadmium (He-Cd) laser or 244 nm line of an Ar ion laser as the excitation
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sources. The other PL/PLE setup uses a 1000 W xenon lamp as excitation source.

Details of these setups will be presented in this section.

3.2.1 Photoluminescence (PL) Spectroscopy

Photoluminescence (PL) is a non-destructive technique that provides information
about the radiative process [1-2]. It relies on the creation of electron-hole pairs by
exciting the sample with an optical source, typically a laser with photon energy
larger than the energy gap of the sample material. These generated electron-hole

pairs will subsequently undergo radiative recombination with photon emission.

PL spectra plot the variation of luminescence intensity as a function of emission
wavelength and can provide information about the energy levels in the sample. For
example, PL spectra and their intensity dependences can determine:

e Impurity levels- Radiative transitions in semiconductors sometimes involve
localised defect levels. The PL energy associated with these levels can be used to
identify the specific defects, for example, donor-acceptor pair (DAP) at about 3.27
eV or yellow luminescence at 2.5 eV. DAP emission is due to optical transitions
from a shallow donor to a shallow Mg acceptor and the latter is attributed to

transitions from the conduction band to a deep acceptor level or an Mg complex [3-
71.

3.2.1.1 PL Setup

A schematic representation of the PL set-up using the 325 nm He-Cd laser [8] is
shown in Figure 3.1. A narrow band-pass interference filter near 325 nm is used to
remove plasma lines. The detection side is a combination of a spectrograph (Oriel
Instruments MS125™, Model no. 77400, with an f-number of 3.7) and a 1024 x 255
pixel silicon charge-coupled detector (CCD; Andor front illuminated Model DV420
OE). The luminescence from the sample is focused on the 25 pm entrance slit of the
spectrograph and reflected by two mirrors inside onto the surface of a diffraction
grating which disperses the collected luminescence onto the CCD detector. A Schott
WG345 long-pass filter is placed in front of the entrance slit of the spectrograph in

order to block any remaining 325 nm laser. The detector is cooled using a
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thermoelectric cooler to about -55 °C. During measurements, the signal from pixels
in the same column is integrated as the PL intensity at a particular wavelength.
Therefore, each column acts as an output slit and detects the light dispersed at a

particular angle. The width of each column is 26 pm, which matches the entrance

slit.

Camera
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Beam interference | - lnﬁmty'd
TV Monitor expander filter ?o correcte
\ / s microscope
o i
i i il s D de o
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1::
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Figure 3.1 325 nm He-Cd laser PL spectroscopy setup. The blue lines are the
excitation light path, the red lines represent the luminescence from the sample,
and the green lines represent a part of the luminescence monitored by an

accessory camera to check the position of the luminescence spot.

All samples were mounted on an aluminium sample holder inside a closed cycle

helium cryostat. A rotary pump and an oil based diffusion pump have been used to
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produce the vacuum required in the cryostat. A Cryogenics CT1 helium compressor
allows the cryostat to be cooled down to around 15 K. The temperature around the
sample is controlled via combination of the helium cryogenerator and a film heater,
which is connected to a temperature controller (Oxford Instruments ITC-4). A
temperature sensor is used to monitor the temperature in the cryostat and gives
feedback to the temperature controller. In this way, the temperature of the samples
can be controlled in the range from 15 K up to room temperature. During the
experiment, the position of the PL spot was fixed on a certain location on the sample

as the temperature was increased in several steps up to room temperature.

The spectral resolution depends on the slit width, wavelength and diffraction grating
selected [9]. In this work, the spectral resolution of the measured PL spectra is
determined by the diffraction grating inside the spectrograph, since the widths of the
slits are kept constant. Table 3.1 summarises some parameters of each grating used in
this thesis. If a wide spectral range is desired, a low resolution grating will be chosen
otherwise a finer grating is used for higher spectral resolution but with only a limited

wavelength range. For 400 lines/mm grating, the PL spectrum covers more than the

entire visible wavelength range.

Table 3.1 Parameters of the gratings used in the spectrograph. The spectral
resolution data are obtained using a 25 pm entrance slit and 1024 element CCD
array. The blaze wavelength and the primary wavelength region is the

wavelength at which the grating efficiency is the maximum and > 20 %,
respectively [10-11].

Line Blaze Spectral Primary
Density Wavelength Type Resolution | Wavelength
(lines/mm) (nm) (nm) (nm)
400 350 Ruled 1.2 200-800
1200 350 Ruled 0.4 200-1000
2400 400 Holographic 0.2 230-650

3.2.2 Photoluminescence Excitation (PLE) Spectroscopy
In photoluminescence excitation (PLE) spectroscopy, an optical excitation is used to

excite electrons across the band gap of a semiconductor [12]. In such a measurement
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the detection system is set to record at a specific emission energy, commonly the PL
peak energy or energies close to it, and the energy of the excitation source is varied.
The emission intensity is plotted as a function of excitation energy in the PLE
spectrum. Figure 3.2 illustrates an example of PL and PLE spectra of AlggIng 7N
epilayer sample. The arrow at the sharp emission line at 330 nm indicates the

wavelength at which the PLE spectrum is detected.

' T ¥ T ' T T T ' T v T
Al gIn, N epilayer

PLE detected at 330 nm 1
{ —— PL excited by 280 nm l

1

Intensity (a.u.)

= 1 y — "1 v X =3
220 240 260 280 300 350 340 360
Wavelength (nm)
Figure 3.2 PL (black) and PLE (red) spectra of Alyg;Ing /N epilayer. The

PLE spectrum was detected at 330 nm (as indicated by arrow) and PL spectrum

was excited by the light at 280 nm.

The PLE spectrum gives similar information to the absorption spectrum: for
example, it can be used to determine a value for the optical band gap of a
luminescent material. PLE spectroscopy has advantages over optical absorption
technique as it does not require the sample substrate to be transparent at the

excitation energy and is not dependent on the thickness of the material. Thus, this

can be used to investigate samples with thin active layers.
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3.2.2.1 PLE Setup

To measure the PLE spectra and selectively excited PL spectra, a wavelength-
adjustable excitation source is necessary. The variation of excitation wavelength is
achieved by rotating the excitation monochromator whereas the detection
monochromator remains fixed at the desired position. A short arc 1000 W xenon
(Xe) lamp with a quartz envelope has been chosen as the excitation source. The
output of the Xe lamp covers the deep ultraviolet (UV) of 220 nm to the visible
wavelength range. The quartz envelope totally blocks the emission shorter than 220
nm, giving a short wavelength limit. Although 220 nm (5.64 €V) is not short enough

to reach the band gap of AIN, it is more than sufficient to excite all the samples
studied in this thesis.

A schematic representation of the PLE set-up using Xe-lamp is shown in Figure 3.3.
The Xe-lamp emits continuous wide band light, which is focused by a quartz lens
onto the slit of a Jobin Yvon 0.25 m monochromator, referred to as the excitation
monochromator and contains UV grating of 1200 lines/mm. The light wavelength is
selected and changed continually from 220 to 700 nm using this monochromator.
The band-pass of the quasi-monochromatic light is determined by the width of the
slit. The narrower the slit is, the narrower the band-pass is, and the higher the
excitation spectral resolution is but the intensity of the output light is lower. Thus, in
order to balance the resolution and the excitation intensity, a slit width of 2 mm is
chosen in this study, giving a band-pass of approximately 3 nm at 300 nm. The
output from the excitation monochromator passes through a chopper (set to around
36.5 Hz) and is focused on the sample surface in a spot size of approximately
2 x 5 mm® The sample is mounted on the cold head of a closed-cycle helium
refrigerator on a moveable stage. An Oxford Instruments ITC-4 Temperature
Controller in conjunction with a heater and sensor inside the cryostat is used to

measure and change the temperature in the same manner as described for the PL
system in subsection 3.2.1.1.
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Figure 3.3  Schematic diagram of PLE/PL spectroscopy set-up using Xe-

lamp. The blue lines are the excitation light path and the red lines represent the

luminescence from the sample.

Two lenses are arranged in series to collect and collimate the luminescence from the
sample and focus it onto the entrance slits of a McPherson 0.67 m detection
monochromator. The sample is mounted at an angle of 60° to the excitation beam to
reduce reflected excitation light entering the detection monochromator. The lenses
are adjusted to maximise the amount of light collected into the slit. An 1800
lines/mm UV/visible grating is installed in the detection monochromator (for 350 nm
wavelength and 0.5 mm entrance slit width, the spectral resolution is 0.4 nm). The
output from the detection monochromator is detected using a Thorn EMI Gencom

Inc 3365 cooled photomultiplier tube (PMT). The PMT is connected via a Stanford
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SR570 current preamplifier to a Stanford SR810 DSP lock-in amplifier, which uses a
reference signal from the chopper to distinguish the luminescence from background
noise. The resultant DC signal from the lock-in is then sent via a built in RS232
interface to a computer. A train of pulses is provided from the computer via another
RS232 interface to control the steeper motor unit driving the monochromator. The
measurements are recorded using in-house software written by Dr. Paul Edwards, a

colleague from my research group.

All PLE spectra presented in this thesis have been corrected for the combined
throughput of lamp and the excitation monochromator. This is done by using an UV
sensitive photodiode which was installed at the sample position. Scanning the
excitation monochromator, the photodiode recorded the intensity as a function of
excitation wavelength. The sensitivity of the photodiode was available from the
supplier. Dividing the measured intensity by the sensitivity function, one could

obtain the excitation intensity as a function of wavelength.

This Xe-lamp set-up can also be used to perform PL measurements. In a PL
measurement the set-up is the same, the only difference being that the stepper motor
is now used to drive the detection monochromator whilst the excitation wavelength
remains unchanged. Prior to acquisition of a PLE spectrum, a PL spectrum is
acquired in order to determine the detection energy at which the emission
monochromator should be set. As already mentioned, in the PL mode, the He-Cd
laser or Ar ion laser can also be used as excitation sources instead of using the Xe

lamp. Table 3.2 shows the excitation sources that have been used in this thesis and

their powers.

Table 3.2 Excitation sources and powers applied in PL and/ or PLE system.

Type Output Output Power on
Wavelength (nm) | Power (mW) | samples (mW)
Xe lamp e.g. 356x1.5 1 0.6
(2 mm slit)
He-Cd Laser 325 5.0 0.5
Melles Griot 3056-S-A2)
Ar ion laser 244 0.095 to 150 0.06 to 90
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33 Surface Characterisation
In this section, secondary electron microscopy (SEM) and atomic force microscopy

(AFM) are employed to investigate the surface morphology of the materials will be

discussed in detail.

3.3.1 Secondary Electron Microscopy (SEM)

Scanning electron microscope (SEM) is a microscope that uses electrons rather than
light to form an image. Figure 3.4 shows a schematic FEI SEM employed in this
project. Four main components combine to produce the images from the sample are:
an electron gun, a demagnification unit, a scan unit and a detection unit. The electron
gun, which is the source emitter, produces electrons within a small spatial volume
with a small angular spread and a selectable energy. This electron beam enters the
demagnification unit which consists of several electromagnetic lenses. The beam is
condensed by a condenser lens and focused on a small point using the objective lens.

The electron beam exits to arrive at the sample surface with a smaller dimension than

that produced by the gun.
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Figure 3.4  SEM schematic overview.
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When an electron beam hits a material, lots of interactions between the electrons and
the material occur. Some of the incident electrons are scattered elastically by the
atoms (called backscattered electrons) whilst a large part of the incident electrons
penetrate into the material [13-15]. The penetrating electrons lose their energy by
inclastic collisions with the lattice ions along the electron trajectories, generating
secondary electrons, Auger electrons, cathodoluminescence, characteristic X-rays
and etc., as summarised in Figure 3.5. The detector system picks up the secondary
electrons, amplifies them and converts them into electrical voltage. The scan
generator signal (in scan unit), fed to the deflection system of the column, moves the
beam in a raster pattern over the sample area. At approximately the same time the
monitor for viewing the image is also scanned. The electrical voltage changes as it
rasters, which provides serial information of the specimen surface. This signal,
modulated by the one from the detection system, produces the onscreen image that
corresponds to the topography of the sample [16]. The data are recorded using an
intermediate software layer which acting on instructions from the application layer

controls the column, detectors, stage and vacuum functions. In this work, the beam

voltage of 5 kV was selected.

Incident electron beam

Backscattered electrons Characteristic x-rays

Secondary electrons Cathodoluminescence
Visible light

Auger electrons
Heat

l Absorbed current

Diffracted electrons

Transmitted electrons

Figure 3.5  Electron interactions with a thin specimen [13-15].
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3.3.2 Atomic Force Microscopy (AFM)

An AFM consists of four primary components: a probe, laser, detector and
piezoelectric scanner. The probe consists of three parts: a cantilever block that
supports a very fine cantilever, which in turn has the delicate tip situated underneath

(Figure 3.6). The probe tip traces the surface of the sample and provides a three-

dimensional topography of the sample surface.

A Digital Instruments Multimode Nanoscope I1lla AFM instrument was used in this
work. Figure 3.6 shows a schematic of the AFM hardware used. Etched silicon tips
were used to image the sample surface in tapping mode. The nominal radius of
curvature of the tips is 5 to 10 nm. The height resolution is approximately 0.1 nm,
while lateral resolution is determined by the convolution of the tip sharp and the
feature shape under optimised imaging conditions, and is normally 5 nm. These
characteristics make AFM very suitable for the observation of surface morphological

features such as growth steps, nanoscale islands and pits.
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Figure 3.6  Schematic of an AFM hardware.
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The instrument detects the z-displacement of the cantilever using the reflection of a
laser beam focused on the top surface of the cantilever. Feedback from the scanner
maintains the probe at a constant force under tapping mode. The image datasets thus
obtained contain a height co-ordinate z for a large set of different x-y positions on the

sample. They can be processed in different formats to serve different purposes,

normally using the software suite WSxM [17].

In this thesis, the data were presented in the following ways:

e Plan-view or 3-D images: In these images, the height of the surface features is
scaled using a brightness code so that intrusions look bright, and depressions look
dark. Sizes and areal densities of topographic features in film surfaces can thus

quantify from plan view images.

e Datasets can be used to produce line-scans, showing the height variation along a

straight-line traverse over the sample surface.

In this Nanoscope Illa AFM system, the scanners have a large motion range of up to
120 um on the x and y axes, and a z-range up to 6 um. By lightly tapping the tip on
the surface during scanning, tapping-mode measurements eliminate lateral shear
forces on the tip that would degrade image quality. The instrument has a fully
automatic proprietary method of controlling the tip approach to the sample, which
prevents hard collisions. Such collisions may damage soft samples, although this is
not an issue for hard Ill-nitride materials. However, sample sizes are limited to below
15 mm in lateral dimensions, and 5 mm in thickness. In this thesis, the AFM
measurements were carried out in association with Dr. Stephanie Hodgen from

Strathclyde Pure and Applied Chemistry Department.

3.4 Compositional Characterisation

This section focus on the methods, electron probe microanalysis (EPMA) and
Rutherford backscattering spectrometry (RBS), used to investigate the composition.
The composition will affect the band gap of a semiconductor alloy as well as

properties such as the strain in the system and the magnitude of the built-in electric
fields present.
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3.4.1 Electron Probe Micro-Analysis (EPMA)

Electron probe microanalysis (EPMA) is both a quantitative and qualitative non-
destructive method to determine the elemental composition of the materials [15]. As
mentioned in earlier section, when a target material is bombarded with a beam of
electrons, lots of interactions between the electrons and the material occur leading to
characteristic X-rays of the atoms, secondary electrons, cathodoluminescence and
etc. Many of these signals can be measured simultaneously, depending on the
available facilities and experimental aims. The EPMA system used in this thesis is

able to collect the characteristics X-rays, cathodoluminescence, secondary electrons

and backscattered electrons at the same time.

3.4.1.1 EPMA Setup

Figure 3.7 shows a schematic overview of Cameca SX100 EPMA system employed
in this thesis. The EPMA is configured with a tungsten electron gun. The
accelerating voltage of the EPMA electron probe beam can be adjusted in steps from
1 to 50 kV. During the experimental set-up, the sample is placed on an automated
stage with 100 nm step-size to allow images to be acquired by scanning the sample.
The sample is viewed optically in reflected light by a cooled silicon CCD camera
with the magnification to observe the material surface quality and to select an area
for measurement. CL of the material can also simultaneously be observed in this set-
up and monitored as the stage moved. The acquisition and processing of CL spectral
maps was done using an in-house computer program CHIMP written by Dr. Paul
Edwards. The EPMA can also operate like an SEM, providing SE imaging. By
combining the simultaneous composition mapping and SE imaging, CL spectral

mapping allows one to correlate spectral features with compositional and
topographical ones [19].

The characteristic X-ray emission is excited using a stationary focused electron probe
beam. It is produced when an electron with sufficient energy (typically > few keV)
strikes an atom and a tightly-bound electron (K-, L-, M-shell electrons). An electron
from a higher shell drops to fill the vacancy. If an electron from the K-shell is ejected

and an electrons from the L-shell to fill the vacancy, a K, X-ray emerges; whereas if
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an electron from the M-shell fills the K-shell vacancy, Kg radiation results [20]. In
qualitative chemical analysis, the energy of a given K. L. or M line is measured, the
atomic number of the element producing that line can be determined. As the intensity
of a characteristics X-ray line of a particular element is proportional to the amount of
atoms present in the excited region, its composition can be measured but a correction

procedure is needed to calculate the composition accurately (see next section).
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Figure 3.7  Schematic overview of Cameca SX100 EPMA System [18].
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3.4.1.2 Wavelength Dispersive X-ray (WDX) Spectroscopy

There are two methods for detecting characteristics X-ray emission: Energy
Dispersive X-ray (EDX) analysis and Wavelength Dispersive X-ray (WDX) analysis.
WDX analysis is chosen as it has several advantages over EDX analysis: a much
better resolution and lower background noise, which results in narrower peak widths
and, consequently, a much more quantitative and sensitive analytical tool. Typical

resolution of a WDX spectrometer is approximately 5 eV, contrasting to 100-200 eV

for an EDX spectrometer.

In our EPMA system, it is provided by three WDX spectrometers, whose high
spectral resolution and peak-background ratios result in excellent composition
detection limits (< 0.05 atomic % demonstrated for rare-earth ions in GaN [21]).
Each spectrometer has two or four interchangeable diffraction crystals which are
used as monochromators to measure the X-ray emission spectrum from the sample.
They cover a wide range of elements from Be to Rb. The WDX spectrometers can
detect X-ray emission in the range from approximately 100 ¢V to 14 keV. Four
analysing crystals are standard for a WDX spectrometer. To obtain even higher
sensitivities, so-called large area crystals can be used. In this case there is only space

for two crystals due to their increased size. The layout of a WDX spectrometer is

shown in Figure 3.8.
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Figure 3.8  Rowland circle geometry for WDX spectrograph.
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The operation of WDX spectrometer is based on Bragg’s law. X-rays that are
incident on the analysing crystal are diffracted and consequently detected if they
satisfy the Bragg’s condition. If the sample, diffraction crystal and X-ray detector all
lie in a circular path with radius R, the distance L between sample and crystal is

given by:

> =Rsin 0 (3.1)

Combining (3.1) with Bragg’s diffraction condition, nd = 2d sinf, gives:

ni= % (3.2)

The geometry described above is called the Rowland circle. In this geometry, the
wavelength detected is proportional to the distance between the sample and crystal.
By simultaneously scanning and rotating both the crystal and detector, wavelength
selection is achieved. To retain the same conditions of characteristic X-ray detector,
it is important to ensure the angle between detected X-rays and the sample surface,
i.e. the take-off angle ¢ is unchanged by moving the analysing crystal in a straight
line away from the same as the Bragg angle is increased [22].

The diffraction crystal is curved to focus the diverging beam of emitted X-rays and
only diffracts those X-rays that satisfy the Bragg condition [22-24]. An appropriate
diffraction crystal must therefore be selected to diffract the required X-ray emission
from the sample as listed in Table 3.3. For example, the X-ray emission of gallium
(Ga: 1.098 keV) and indium (In: 3.287 keV) are measured using thallium acid
phthalate (TAP) and large pentaerythritol (LPET) diffraction crystals, respectively.

Table 3.3 SX 100 Crystals and their wavelength coverage [24-25].

Crystal Crystal Type | 2d Spacing Element Range
Designation (A) Ka La Ma
TAP Thallium acid 25.76 FtoP | MntoNb | Lato Hg
phthalate
LPET Large 8.742 SitoMn | SrtoTb | TatoU
Pentaerythritol
LIF Lithium 4.207 SctoRb | TetoNp
Fluoride
PC1 Pseudocrystal 1 60 CtoF
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The EPMA system is also designed for quantitative element analysis. This is
achieved by using standard samples (known elements and compositions) as the
reference. The concentration of a particular element in a sample is measured by
comparing its intensity of the emission from the characteristic X-ray with that from a
standard sample with a known composition. This gives the experimental k-ratio:

Sample Intensity
Standard Intensity

k —ratio =

(3.3)

When the measurements are carried out at a single beam energy, this k-ratio will be
converted into a weight percentage value (wt. %) using a corrective-iterative
procedure which calculates the so-called ZAF correction factors in order to obtain
accurate concentration. This is because the primary generated X-rays may be
absorbed or may generate secondary X-rays by fluorescence in the material.
Furthermore, some of the primary electrons may be backscattered out of the material
and consequently, the number of inner-shell ionisations will be lesser than expected.
The three constituents of the correction are the atomic number correction, Z (related
to electron backscattering which affects the efficiency of characteristics X-ray
emission), the absorption correction, 4 which may reduce the count rate), and the
fluorescence correction, F. This is done using the instrument’s own software. The
correction procedure takes into account the differences in backscattered electron

yield, rate of energy loss, absorption and secondary fluorescence between the sample
and the standard.

The selection of an appropriate standard is extremely important so as to achieve
accurate quantitative measurements. Several criteria must be met: (i) the composition
must be homogeneous, (ii) the material must be chemically and thermally stable, and
(iii) it is preferable if the standard is of a similar composition to the material under
investigation so as to minimise the error arising from inaccurate correction
procedures [22]. Dr. Debbie Amabile, a colleague in my research group, performed a
comprehensive investigation on the compositional measurements of Al;.In.N
epilayers. Details of the compositional measurements and structural characterisation

have been included in her thesis [8]. The most challenging aspect of the WDX
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composition measurements was the accurate determination of Al concentration in the
Al;,In NN layer because of the difficulties to obtain a reliable Al standard. For Al
metal standard, there are two problems, namely, the carbon contamination, and a
surface oxidation layer due to the high affinity of Al for oxygen. For AIN standard, it
is notoriously difficult to dope AIN to achieve good conductivity [25]. Fortunately,
Ive et. al. have managed to grow thick (0.8 um) and conducting AIN:Si layers with
electron concentration, 7, up to 7.4 x 10'" cm™ by plasma assisted molecular beam
epitaxy (MBE) on 6H-SiC substrates [26]. One of their samples with n, =
1.4 x 10" cm® was supplied for us as standard to measure Al content. Si
concentration was measured as low as 0.1 at%. Thus, we treat the sample as pure
AIN standard. Testing in the EPMA revealed that the sample did not charge when the
electron beam was either focused or scanned across its surface. Thus AIN:Si was
deemed suitable for use as a standard for measuring Al. Table 3.4 shows the

analysing crystals, X-ray lines and standards used for quantitative analysis in this

thesis.

Table 3.4 X-ray lines, standards and analysis crystals used in WDX
quantative analysis [25].

Element X-Ray Line X-Ray Standard WDX Crystal
Energy (keV)
Aluminium Ke 1.487 AIN TAP
Indium L, 3.287 InP PET
Gallium Lo 1.098 GaN TAP
Nitrogen Ka 0.392 GaN PC1

It is also very important to select a suitable accelerating voltage when determining
the quantative measurements. The interaction volume (or penetration depth) depends
on the acceleration voltage and the atomic number of the material [14, 27], and can
be estimated using Monte Carlo electron trajectory simulation [28] as illustrated in
Figure 3.9. The effect of increasing the voltage can be clearly seen: the electrons
penetrate further into the sample and the size of the interaction volume- the volume
in which the electrons interact with the atoms of the samples- increases. Penetration
into the underlying buffer layer will result in inaccuracies in the measurement of the

composition of the material. Thus it is desirable to contain the interaction volume
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entirely within the layer that is of interest. The threshold for In L, emission is 3.29
keV. The minimum practical accelerating voltage for quantitative analysis is ~ 1.3
times the threshold for X-ray excitation [29]. Hence for In composition
measurement. the beam energy should be above 4.3 keV in order to obtain
reasonable X-ray counts. The penetration depth of an Al g3lng 17N material is

estimated to be around 120 nm at 5 keV using Monte Carlo simulation.

Soertue 5 \

8000
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400 0 nm 2000 nm 00nm 200 0 nm 400 0 nm

Figure 3.9  Monte Carlo electron trajectory simulations of GaN epilayer on

sapphire substrate using beam energies of 5 and 10 keV [28].

Experiments were carried out on Al In,N epilayers to study the effect of
accelerating voltages on the In compositions measured by EPMA system where the
In values obtained from Rutherford backscattering spectrometry (RBS) act as the
reference. as shown in Figure 3.10. Various Al,.InN epilayers with different In
compositions and epilayer thicknesses were used. It is observed that as the
accelerating voltage increases, the In composition measured by EPMA system
decreases. There is a levelling at around 4.5 to 5 kV for Al In,N epilayers with
thick layers (< 150 nm) whereas no levelling is present for thin Alj.In,N epilayers.
In addition, the decrease in the In composition is the steepest for the thinnest epilayer
(in this case 75 nm). This is because as the accelerating voltage increases, more
electrons will penetrate into the GaN buffer layer especially true for thin epilayers.

The WDX correction assumes the whole measured volume has the same composition
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and as a result the extra Ga will impact on the measured In and Al. Hence, the In
composition measured by EPMA system will be underestimated at high voltages.
indicating that the measured In composition is lesser than the actual In composition.
According to Figure 3.10, the measured In composition using EPMA system at an
acceleration voltage of 5 kV is close to the RBS value. Therefore in this thesis, SkV

is selected when performing quantative measurement.
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Figure 3.10 In composition measured by EPMA system as a function of
accelerating voltages on Al In.N epilayers of different In composition and

epilayer thickness. Solid lines are In compositions obtained using RBS.

3.4.2 Rutherford Backscattering Spectrometry (RBS)

Rutherford backscattering spectrometry (RBS) uses backscattering of charged
particles by nuclei in a solid to obtain information such as the type of atoms, the
amount of atoms, the thickness of a thin film and the crystalline quality. It involves
bombarding a target sample with a high energy ion beam, typically consisting of He'
ions with energies of a few MeV. Those which are scattered through large angles, i.c.
backscattered, are detected using a detector which is sensitive to both their energy

and number. Usually an annular detector is used and arranged with large scattering

angles (a maximum angle of 170° can be attained).
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The atoms in a sample can be identified by RBS because the highest energy of the
scattered He' ions depends on the mass of the target atoms. The elemental
composition and the layer thickness can be determined from a RBS spectrum, i.e.
yield as a function of the energy of the backscattered particles [30-32]. As the energy
spectrum is quite complicated, a computer program is used to fit the data to obtain
both compositional and thickness information. RBS has the advantage of being a

direct and standardless technique.

The crystalline quality of a target sample can be determined by the RBS/Channelling
technique. Target ions which are incident on the sample at an angle which
corresponds to a particular crystal plane travel along the channel between the atomic
rows and penetrate much further before backscattering. This effect is known as
channelling [30-32] and the corresponding spectrum is known as the channelling or
aligned spectrum. This is then compared with the spectrum obtained when the ions
are incident at an angle which does not correspond to any of the crystal planes, the
so-called random spectrum, as used above to obtain composition and thickness
information. If the atoms within the target are displaced from their crystalline lattice
site this will result in a higher backscattering yield in relation to a perfect crystal. The
ratio of the backscattered yields from the two spectra gives a value for the crystalline
quality denoted as Ymin and is usually quoted as a percentage. The lower the Ymin

value, the better the crystalline quality. State of the art values of ynin for GaN are
around 2 % [33].

One disadvantage of RBS is that it alters the sample under investigation.
Bombardment of the lattice with high energy ions results in the formation of
vacancies and interstitials which can join together to form extended defects resulting
in degradation of the luminescence obtained from a sample. A black spot is usually
seen in PL maps corresponding to the area where the RBS beam was incident [34].
To this end, the RBS measurements described in this thesis were either carried out
after luminescence characterisation or were performed on another piece of the same

wafer but efforts were made to ensure these were from adjacent regions.
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All RBS measurements presented in this thesis were carried out at the Instituto

Tecnologico € Nuclea (ITN), Sacavém, Portugal by Dr. Katharina Lorenz together
with her PhD student Sérgio Magalhées.

3.5 Electrical Characterisation
The Hall Effect provides a simple method for determining the charge carrier

concentration, resistivity and mobility in a semiconductor sample of suitable

geometry, and is widely used in research and industrial quality control. Van der

Pauw configuration was used in this work.

As originally devised by van der Pauw [35], one uses an arbitrarily shaped (but
simply connected, i.e., no holes or non-conducting islands or inclusions), thin-plate
sample containing four very small ohmic contacts placed on the periphery
(preferably in the corners) of the plate. By measuring the Hall voltage ¥} and from
the known values of the current /, magnetic field B, sample thickness d, electronic
charge g, one can determine the sheet density n of charge carriers in semiconductors:

1.B
q.Vy

n =

s

(3.4)

The sheet resistance Rs of the semiconductor can be conveniently determined by use
of the van der Pauw resistivity measurement technique. The sheet resistivity R; of an
irregular shaped sample is given by [12, 35]:

7

R R
R = (R 13-4y 12-34 .
s _In2 (Riyozq + 2 ). f( R|3-24) (3.5)

where Riz34 = Vs4/I. The current I enters the sample through contact / and leaves
through contact 2 and V34 = V4 — V; is the voltage between contacts 4 and 3. Rj3.24 is
similarly defined. fis correction factor which is a function of the ratio of Rj2.34 to
Ry324. Usually a large value for this ratio is undesirable and suggests that either the
contacts are bad or that the sample is inhomogeneously doped.

The mean carrier mobility 4 can be calculated simply from the resistivity and sheet
density as follows:
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(3.6)

In this work, low temperature (= 77K) Hall measurements were conducted using a
custom-built system consisting of a Keithley 236 I-V source-measure unit, and
movable permanent magnets producing a variable magnetic field up to 0.3 T. The I-V
system can source currents from 100 fA to 100 mA, and measure voltage from 10 pV
to 110 V. The magnetic field used in this work was 0.18 T and the intentionally

doped samples were cleaved into approximately 5 mm squares. Ohmic contacts on

these samples were achieved by annealing the indium dots at the corners.

3.6 Summary

This chapter has summarised the main experimental instrumentation relevant to the
studies of the Ill-nitrides discussed in later chapters. They are photoluminescence
(PL) and PL excitation (PLE) spectroscopy for investigating the optical properties,
scanning electron microscopy (SEM) and atomic force microscopy (AFM) for the
surface measurement, electron probe microanalysis (EPMA) and rutherford

backscattering spectrometry (RBS) for the compositional analysis, and Hall Effect
for the carrier concentration and mobility.
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CHAPTER 4
Optical Properties and Surface Morphology of
In,Ga,;  N/GaN Single Quantum Wells with Various GaN
Cap Thicknesses

4.1 Introduction

In,Ga;,N/GaN semiconductor structures have found applications as efficient, robust,
short-wavelength-visible- and ultraviolet (UV)-light sources. The ternary alloy
In,Ga;N has a direct band gap which can be varied from that of GaN (3.5 eV) to
that of InN (0.7 e¢V) by changing the InN composition (x), leading to emission
covering the UV to infrared regions of the spectrum. However the difficulty in
growing In,Ga;N (as mentioned in Section 2.2.2) with high InN content and the
consequent degradation of the luminescence properties with increasing InN presently
limits commercial devices to emission from the UV to amber region of the spectrum
with violet, blue and green devices being the most efficient and commonly used [1-
2]. On the other hand, organic semiconductors offer excellent luminescence
properties, with a greater variety of emission wavelengths and significantly higher
photoluminescence efficiencies, but exhibit poor electrical behaviour. Hence,
combination of the best attributes of In,Ga;N-based and organic semiconductors
would clearly be an attractive proposition. This could be achieved by transferring the

excitations from In,Ga;.,N quantum wells (QWs) into the luminescent organic
media.

Previous works specifically relevant to the current investigation involve non-
radiative energy transfer from near-surface In,Ga,.,N QWs to either colloidal
semiconductor quantum dots [3] or light emitting polymers [4]. Ref. 4 reported a
hybrid inorganic/organic semiconductor structure by placing a polyfluorene thin film
in sufficiently close proximity to an underlaying In,Ga,..N QW that the prospect of
highly efficient non-radiative Forster resonant energy transfer (FRET) occurs [5-6],
as illustrated in Figure 4.1(a). FRET is mediated by dipole-dipole interactions, the

magnitude of which depends on the spectral overlap between donor emission and
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acceptor absorption, and the dipole separation distance [5-6]. Energetic alignment (as
shown in the energy level diagram of Figure 4.1(b)) is thus needed in order to
maximise the resonant coupling between the inorganic and organic excitation [7].
Thus, in this work. two sets of In,Ga,.,N QWSs with different PL. peak wavelengths of
390 and 415 nm were studied, which had been designed to match the absorption
bands in the organics, in this case polyfluorene copolymer F8DP. The 390 nm single
quantum wells (SQWs) have emission matched to the maximum absorption of the

polymer whilst the 415 nm samples are intended to be matched to the point where the

absorbance of the polymer is 50 % of the maximum.

g,

Polyﬂuorene
GaN cap
In,Ga,_ N Polyfluorene
In,Gay N SQW ABS polymer
PL
GaN bufter
(a) (b)

Figure 4.1 (a) Schematic of the hybrid inorganic/organic semiconductor
heterostructures and (b) a simplified energy-level diagram illustrating the
proposed energy-transfer scheme: excitations initially generated by absorption
(ABS) in the In,Ga; N QW layer may resonantly Forster transfer (FRET) to

the polyfluorene polymer layer following radiatively decay and

luminescence [4].

emit

Adjusting the separation between the In,Ga;,N QWs and polymer layers determines
the strength of the Forster transfer between them. This is achieved experimentally by
varying the GaN cap layer thickness. Typically for light-emitting devices, GaN cap
layers are a few tens to hundreds of nanometres thickness. They are often used for a
wide variety of reasons ranging from controlling doping, to form a suitable layer for

contacts and to prevent the loss of indium during growth. In this chapter, the study of
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the optical properties and surface morphology of near-surface In,Ga,..N/GaN SQWs
as a function of the thickness of the thin GaN caps from 2.5 to 15 nm will be

discussed. The effects of the types of GaN cap on the optical properties and the

surface depletion field will also be considered.

4.2  Specific Samples and Experimental Details

The sample structures used in this work were grown at the Institute of Photonics in
University of Strathclyde by Dr. lan M. Watson. The growth method used was metal
organic chemical vapour deposition (MOCVD), as explained in Chapter 2, in an
Aixtron 200-series reactor. Trimethylindium (TMIn), trimethylgallium (TMGa) and

ammonia (NH3) were used as precursors for In, Ga and N respectively.

Two inch c-plane sapphire substrates were used. Single In,Ga;.,,N QWs, nominally
2.5 nm thick. were deposited on standard non-intentionally-doped (n-i-d) GaN buffer

layers as shown in Figure 4.2.

LT GaN cap (2.5, 4 or 15 nm)
In,Ga,. N SQW (2.5 nm)

HT n-i-d GaN 1.5 pm (~1100 °C)

n-i-d GaN buffer

<+— Nucleation

. layer
c-plane sapphire substrate

R

Figure 4.2 Schematic diagram of In,Ga,_,N/GaN single quantum well (SQW)
sample (not to scale).

Two series of SQWs with peak emission wavelengths near 390 and 415 nm were
deposited at set point temperatures of 860 and 825 °C respectively. Finally n-i-d GaN
cap layers with thicknesses of 2.5, 4 and 15 nm were grown at the same temperature

as the In,Ga;,N QWs. The purpose of this is to avoid any temperature ramps and
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associated growth interruptions. The 2.5 nm QW growth period was 90 s and the
longest cap growth period was 540 s. A structure with a 2.5 nm Si-doped GaN cap
with doping concentration of approximately 5 x 10'® cm™ was grown for comparison
with an otherwise equivalent undoped structure. In this study, SQW structures were
advantageous because their PL peaks are not broadened by interwell variations.

Table 4.1 summarises the growth conditions of In,Ga,.,N/GaN SQW samples used in

this work.

Table 4.1 Growth conditions of In,Ga;,N/GaN single quantum well

samples.

Sample ID | Cap Thickness, Tcap (nm) | Growth Temp (°C) | Cap Type
A) “415 nm series”
STR424 2.5 825 GaN
STR423 4 825 GaN
STR425 15 825 GaN
B) “390 nm series”
STR408 2.5 860 GaN
STR410 4 860 GaN
STR409 15 860 GaN
STR426 2.5 845 GaN: Si
STR428 2.5 845 GaN

The “390 nm series” and “415 nm series” each contain samples whose growth
conditions differ only in the thickness of the cap. Study of each series provides
information on the influence of the cap thickness on the optical properties.
Comparison of the two series shows how this effect changes with the peak emission
wavelength. In addition, similar structures with the same cap thickness but different

doping were compared to evaluate the effect of surface depletion fields.

The photoluminescence (PL) data were measured as described in Chapter 4, excited
by a 325 nm He-Cd laser. The PL spectra were detected using a cooled CCD
spectrograph. The samples were cooled using a closed cycle helium refrigerator. The
temperature was varied from around 15 to 300 K using a temperature controller and

heater. The surface morphology of the samples with various cap thicknesses were
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characterised using scanning electron microscopy (SEM) and atomic force

microscopy (AFM) techniques.

4.3  Experimental Results and Discussion

4.3.1 Low Temperature PL Spectra

The low temperature PL spectra of “415 nm series” and “390 nm series” samples in
log-scale are shown in Figure 4.3 and Figure 4.4, respectively. All spectra exhibit
broad, asymmetrical peaks due to emission from the QWs. The In,Ga,;..N quantum
well transition energy (or zero-phonon line (0LO)) and its phonon satellites (1LO,
2LO0 etc.) at the low energy side of the PL spectra are clearly observed as marked by
arrows. The appearance of LO-phonon sidebands (LO-PSBs) to the low energy side
of the zero-phonon line results from the coupling of excitons to phonons and their

relative strength can be expressed by Huang-Rhys parameters as explained

previously in Section 2.6.1.

In order to obtain accurate information of the integrated emission intensity, peak
emission energy, and full-width-half-maximum (FWHM) of the zero-phonon line
and its phonon satellites for each of the samples, multi-Gaussian peak fittings
following subtraction of a linear background are used as illustrated in Figure 4.5. The
zero-phonon line and its phonon satellites are fitted by Gaussians which have the
same FWHM while their emission energies and intensities are varied as fit
parameters. For each sample the energy separation of successive phonon satellites
remains constant at approximately 90 meV, the LO-phonon energy of GaN as
observed in the literatures [8-13]. A third phonon satellite (3LO) is clearly seen only
in STR408 (“390 nm series” sample with the thinnest cap thickness of 2.5 nm).
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Figure 43  Low-temperature (= 25 K) PL spectra of “415 nm series samples”
(a) STR424, (b) STR423 and (¢) STR425S.
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Figure 4.5  Low temperature (= 25 K) PL spectrum of STR408 with 2.5 nm
thick cap In,Ga, N/GaN SQW from the “390 nm series”. The dashed and

dotted lines show the multi-Gaussian peak fitting and linear background

subtraction respectively.

4.3.1.1 Zero-Phonon Line vs. Cap Thickness

The intensity, peak energy and FWHM of the zero-phonon line for all samples are
plotted against the thickness of the GaN cap as shown in Figure 4.6. Similar trends
are seen for both series. The PL intensity increases by almost 2 times as the cap
thickness increases from 2.5 to 15 nm. Larger values of FWHM are seen for the
thinner cap (2.5 and 4 nm) samples compared to those with a thick cap of 15 nm. The
PL is thus seen to be degraded for the thinner cap samples, as evidenced by the

decrease in PL intensity accompanied by an increase in FWHM.

In addition, a more pronounced decrease in the line-width for the shorter wavelength
series is observed. These degradation behaviours may be related to the increasing
effects of the surface, for example surface losses. The surface loss is generally
classified into three different mechanisms: absorption, scattering and radiation. If the
surface imperfections and surface roughness increase, the surface scattering losses

increase. Such scattering effect is more pronounced at shorter wavelengths.
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Figure 4.6 (a) Integrated intensity, (b) peak emission energy and (¢) FWHM

of the zero-phonon line peak for the two series of In,Ga;..N/GaN SQWs as a

function of GaN cap thickness.

It is seen in Figure 4.6(b) that there is no significant change in the peak emission
energy as the cap thickness is varied for both long (415 nm) and short (390 nm)
wavelength series samples. As discussed in Section 2.6.3, the electric fields that
appear in Ill-nitride materials are the consequence of strong spontaneous and
piezoelectric (strain-induced) polarisation effects. The influence of the electric field
on the recombination process can be described using the quantum-confined Stark
effect (QCSE) which will result in a red shift in the wavelength. Thus, the absence of
significant change in the peak emission energy suggests that the electric field is not

changing regardless of the variation of the cap thickness.
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4.3.1.2 LO-Phonons and Huang-Rhys Parameters vs. Emission Energy

Let us compare the intensities of the phonons of the In,Ga, N SQW samples at low
temperature. Figure 4.7(a) shows the ratio of the intensity (Io/l|) of zero-phonon line
(OLO) to that of the first phonon satellite (1LO), as a function of the emission energy
of main peak (0LO), for current samples with thick cap layers (= 10 nm) including an
earlier 390 nm sample with cap thickness of 10 nm and data from the literature
carried out by Graham et. al. [8], Pecharromén-Gallego et. al. [9] and Kalliakos er.
al. [11]. Based on the literature data, the ratio increases with increasing peak energy
of the main peak, and approaches 14 at the highest energies while for lower energies
is around 2. The new samples used in this work fit the trend and, in fact, extend the

plot to higher values, in excess of 19 for an emission energy of approximately 3.2eV.
Using Equation (2.7) in Section 2.6.1, one can easily work out a theoretical

expression for the intensity ratio of successive phonon satellites (n and n + 1), and

hence by comparing these relative intensities the Huang-Rhys parameters (S) can be

obtained as follows [8-16]:
S, =(n+ 1{%—‘} 4.1)

where 1, is the integrated intensity of the n™ phonon satellite and 1LO/0LO will be
referred to as Sp, 2*2LO/1L0O as S, etc.
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Figure 4.7  (a) Ratio of the intensity of the zero-phonon line (0LO) to 1™

phonon satellite (1LO) for thick cap samples (b) Huang-Rhys parameters, S
(open symbols) and S; (closed symbols) as a function of zero-phonon line peak
emission energy. The solid triangles are from Ref. 9 and the open diamonds are

all the data from Ref. 8, 9 and 11. Symbols in blue are from the current work.

Figure 4.7(b) plots the Huang-Rhys parameters Sy and S; as a function of emission
energy. It is observed that Sy shows a linear dependence on emission energy whilst S,
has a higher degree of scatter. In addition, the values of S; are larger than Sy. The
reason that accounts for the fact that the ratio of Sy is smaller than S) is that only
strongly localised excitons contribute to the intensity of the phonon satellites whereas
all recombining excitons contribute to the zero-phonon line [9-10, 14-18]. Therefore
the value of S determined from the ratio of the first satellite to the zero-phonon line
will be smaller than the values determined from the ratios of successive satellites.
Furthermore, comparison of the magnitudes of S, and Sy, can thus lead to an

estimation of the fraction of the more strongly localised excitons.
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4.3.1.3 Huang-Rhys Parameters vs. Cap Thickness

For the present samples the form of the LO-phonon sidebands (PSBs) can also be
analysed as a function of GaN cap thickness. Clear variations are observed, as shown
in Figure 4.8, with similar behaviour in both series of samples. The intensity ratio of
the first phonon satellite and the zero-phonon line (given by Sp) decreases as the cap
thickness increases from 2.5 to 15 nm. At the same time S; shows an insignificant
change and remains at all times larger than Sy. Therefore the thinner cap (2.5 and

4 nm) samples have smaller values for S/ Sy than those with thicker (15 nm) caps.
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Figure 4.8  Huang-Rhys parameters Sy and S; as a function of GaN cap
thickness.

4.3.1.4 Analysis

A factor that needs to be considered here is any change in density of excess carriers
excited within the wells. The optical absorption length for the 325 nm excitation
wavelength in the GaN cap layer is 80 nm [19], much larger than the thickest cap
layer of 15 nm used in this work. Therefore the excitation light is absorbed
everywhere throughout the GaN cap layer, generating electron-hole pairs. The
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literature value [19] for the GaN absorption coefficient (1.2 x 10’ m™ at 3.8 eV)
indicates that the rate of generation of excess carriers in the well decreases by less
than a factor of 1.2 when the depth increases from 2.5 to 15 nm. Furthermore the
carrier density within the wells will be determined mainly by diffusion within the
GaN below the well. There is some scatter in the published values of the minority
carrier diffusion lengths for n-GaN but all values are considerably greater than our
cap thicknesses, for example 200 nm as stated in Ref. 20. As a result, the number of
carriers reaching the wells will not vary strongly with the cap thickness. However,
the movement of the carriers to the surface could be an issue but there are reports of
work on surface quantum wells point to very low values for the surface
recombination velocity for GaN [21-22]. As reported in Boroditsky et. al. [22], the
fraction of carriers reaching the well approaches 100 % if the cap layer is thinner
than the diffusion length and the surface recombination velocity is small which are
applicable in this work. Furthermore, it is thought to be unlikely that there is
significant alteration to the SQWs occurred during cap layer growth, in view of the
use of identical growth temperature for the SQW and cap, and the similar timescales

for the two growth steps. Therefore there is no significant change in density of excess

carriers excited within the wells as the cap thickness varies.

As discussed in Chapter 2, Ill-nitride materials have strong polarisation charges.
Both spontaneous and piezoelectric polarisations are, in general, important, but for
the In,Ga,.,N/GaN QW system, the piezoelectric field is expected to dominate due to
the strong coherent strain built in these systems [23-24]. At an outer surface, such
polarisation charges are expected to have a strong influence on the pinning of the
Fermi level. In the common case of Ga face surfaces a pinning at the valence band
edge or possibly in the lower part of the band gap is expected [25]. Since the Fermi
level further inside the grown structure is typically close to the conduction band
edge, a depletion region is formed close to the surface [24-26]. Since the QW
structures used in this work are very near to the surface, it is important to consider
the influence of the surface depletion field on the luminescence properties. This can

be done by comparing the PL spectra of samples that differ only in the doping
concentration within the caps.
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The low temperature (25 K) PL spectra from the present SQW samples with n-i-d of
doping concentration of approximately 5 x 10" em™ and Si-doped of 5 x 10" em™

caps are compared and presented in Figure 4.9. The GaN cap thickness is 2.5 nm.

5 | —— STRA426 (GaN:Si cap)
] = STR428 (n-i-d GaN cap)

PL Int (a.u.)

Figure 4.9  Low-temperature (= 25 K) PL spectra of the Si-doped 2.5 nm cap
sample (STR426) and otherwise identical n-i-d cap sample (STR428).

[t is observed that there is no significant change (a small change of 30 meV) in the
peak emission energy although the doping has resulting in some peak broadening due
to the impurity scattering. The maximum strength and the width of the surface
depletion fields for the n-i-d and Si-doped layers are estimated using Poisson’s
equations and Gauss’s law as follows:
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where ¢ is the potential, p is the charge density, gy is the free permittivity, &, is the
dielectric constant, ¢ is the electron charge, p (n) is the hole (electron) concentration,
N}, (N)is the charged donor (acceptor) concentration, x4 is the depletion width and
Ene is the maximum depletion field. In this calculation, the parameters and
assumptions used are:

e Surface potential ¢(x = 0) of 1.7 €V is obtained from Ref. 27;

e Hole (p) and electron (n) concentration in the depletion region is equal to zero;

o No acceptor concentration (N, = 0) and the donors are fully ionised (Np* = Np)

The maximum strength and the width of the surface depletion fields are calculated to
be 0.17 MV/cm (0.72 MV/cm) and 200 nm (8 nm) for the n-i-d (Si-doped) cap
samples. In the n-i-d sample the depletion field is much smaller than the internal field
(> 1 MV/cm), therefore it is not surprising that variations in the depletion field have
no significant effect. Although there is a large increase in the surface depletion field
by 5 times as the cap doping increases by two orders of magnitude, it is still smaller
than the internal field and the PL peak energy remains almost unchanged. Thus the
influence of surface depletion field on the optical properties is not significant. Hence,

it is suggested that the degradation of PL as the cap thickness reduces is related to the
increasing detrimental effects of the surface.

The changes in the strength of In,Ga;..N QW LO-phonon satellites, manifested by
variations in the Huang-Rhys parameters Sy and S, can be associated to the changes
in the localisation of the excitons and/or the effects of the intense internal electric
fields, as explained in Chapter 2. For these samples, the earlier figure (Figure 4.6)
shows that the PL peak emission energies do not change with GaN cap thickness.
This indicates that the electric field is not changing. Therefore the variations in the
Huang-Rhys parameters are thought to be dominated by the additional localisation of
the excitons. In fact, similar behaviour has been observed for thick Al,Ga;.,N
epilayers where the intensity of the LO-phonon satellite relative to that of the zero-
phonon line increases with AIN content up to AlyGag;N [28]. Since the
macroscopic electric fields are known to be very small in Alo7Gag 3N samples, the

increasing strength of the phonon satellites is most likely related to increasing alloy
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disorder induced localisation. The increase of Sy and the reduction of S;/ S for the
thinner cap samples both point to a greater amount of localisation for the excitons
present in these samples. Following the approach of Ref. 16 one can estimate that the
fraction of strongly localised excitons increases from 16 % (23 %) to 21 % (29 %)
for the 415 nm (390 nm) series samples as the cap thickness decreases from 15 to
2.5 nm. The cause of this could be surface roughness or defects, which would go

some way to explain the overall degradation of PL described earlier.

In order to verify the surface roughness hypothesis, scanning electron (SEM) and
atomic force (AFM) microscopies were performed on the “415 nm series™ samples.
The SEM and AFM images of these samples are presented in Figure 4.10. SEM
images reveal pits on the sample surfaces which can be seen more clearly at higher
magnifications using AFM. These nanometre scale pits appear as dark contrast. It is
observed that the pit density increases as the cap thickness decreases. Also, clear
atomic step patterns are observed. The pit density was evaluated for a 2 x 2 pm area
of each sample examined by AFM by dividing it into 16 squares, in a 4 x 4 grid, and
first counting the numbers of pits in each individual square. The pit density is
estimated to increase from 2.4 to 3.3 x 10° cm™ as the cap thickness decreases from
15 to 2.5 nm. These pits are observed to be located at the end of the atomic steps, and
are believed to be the termination sites on the surface of threading dislocations with
mixed and pure screw character [29]. Threading dislocations are undesirable in the

electroluminescent devices as they provide current leakage paths and non-radiative
recombination sites.
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B (a) SEM
(i) STR425 (Tcap =15 nm)

(i) STR423 (Tcap = 4 nm)

Figure 4.10 (a) SEM and (b) AFM images of “415 nm series” samples (i)
STR425, (ii) STR423 and (iii) STR424. Straight lines (green and blue) are those

used to determine the pit diameter (profiles not shown).
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The pit density, pit diameter and root-mean-square (RMS) surface roughness are
summarised in Table 4.2. The RMS surface roughness increases from 0.96 to
1.58 nm as the cap thickness decreases. At the same time the pit diameter is observed
to increase from 34 to 54 nm as the cap thickness increases from 2.5 to 15 nm, as
expected for the opening out of V-pits. SEM and AFM images confirm that the
degradation of PL intensity and larger PL linewidth, and greater amount of exciton
localisation present in structures with thinner caps than those with thick cap is due to

the increase in the surface roughness.

Table 4.2 Pit density, pit diameter and RMS surface roughness of “415 nm
series” samples determined by AFM technique.
Sample ID | Tcap | Pit density Mean pit RMS surface roughness
(nm) (em?) diameter (nm)
(nm)
STR425 15 24x10° 54 0.96
STR423 4 2.8x10° 47 0.95
STR424 2.5 3.3x10° 34 1.58

4.3.2 Temperature-Dependent PL Spectra

Figure 4.11 presents the temperature-dependent PL spectra of “415 nm series”
samples. The LO-phonon sidebands and PL peak intensity decreases as the
temperature increases from = 15 K to room temperature. This is due to thermal
quenching effect. The position of the peak emission energy is observed to shift as the
temperature varies as indicated by the dotted line in the figure. Figure 4.12 plots the
peak emission energy position as a function of temperature for these samples with
various cap thickness where a decrease-increase-decrease pattern (or called ‘S-

shaped’) dependence can be clearly visible in all cases.
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(a) STR425, (b) STR423 and (c) STR424. Dashed lines act as guide to the eye.

(c) STR424 (Tcap = 2.5 nm)

Temperature-dependent PL spectra of “415 nm series” samples
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Figure 4.12  Position of the main peak emission energy as a function of
temperature for “415 nm series” samples with cap thickness of 2.5, 4 and 15 nm.
T, is defined as the temperature at which the blue-shift starts; AE; as the initial

red-shift at low temperature; and AE; as the subsequent blue-shift.

‘S-shaped” behaviour has been reported in several papers describing a number of
material systems including In,Ga, N/GaN [30-33], GaAs,N,..//GaAs [34],
Galn,P,./GaAs [35] and Al,Ga;..N/GaN [36-37]. Several explanations for this
behaviour have been given earlier. It has been proposed by Cho er. al. [30] that the
cause of the temperature-induced ‘S-shaped’ PL shift is a change in the carrier
recombination dynamics due to inhomogeneity of the potential energy states and
carrier localisation in the quantum wells as well as the decreasing carrier lifetimes in
the blueshift region. The inhomogeneity of the potential energy is attributed to
various factors such as composition fluctuations, layer thickness variations and
possibly defects in the quantum wells. The initial red-shift (AE;) in the peak energy
at low temperature occurs as the radiative recombination process is dominant and the
carrier lifetime increases, giving the carriers more opportunity to relax down into
lower energy tail states caused by the inhomogeneous potential fluctuations before
recombining. Above a certain temperature (7), a blue-shift (AE>) occurs since the

dissociation rate is increased and other non-radiative processes become dominant.

78



The carrier lifetime decreases greatly and these carriers recombine before reaching
the lower energy tail states. As the temperature increases further, since non-radiative
recombination processes are dominant and the lifetimes are almost constant, the
carriers are less affected by the change in carrier lifetime so that the blue-shift
behaviour becomes smaller. Temperature induced bandgap shrinkage in the material
therefore results in an overall red-shift in the peak emission energy. The definitions
of T;, AE; and AE, can be found in Figure 4.12. The ‘S-shaped’ behaviour is
conventionally interpreted as a sign of localisation due to inhomogeneities of the
potential and the carrier localisation in its band-tail states. It is thus of interest to

consider how the behaviour and the T, AE; and AE; vary with emission energy and

cap thickness.

Figure 4.13 plots the temperature at which the blue-shift starts (7;) and the energy
ranges for the initial red-shift at low temperature (AE,) and the subsequent blue-shift
(AE)) as a function of the emission peak energy, for current samples including the
data from the earlier publications In,Ga;.N SQWs [33], 12-period In,Ga;..N MQW
[30] and a S-period In,Ga;.,N MQW [38]. Based on the literature data, the start of the
blue-shift (7}), and both AE; and AE> show a general decrease as the emission peak
energy increases which corresponds to higher In content. The new samples used in

this work are similar in size and lie in the trend.
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Figure 4.13  (a) Start of the blue-shift section, 7; as a function of the emission
peak energy; (b) magnitude of the blue-shift (AE>, filled symbols) and the initial
red-shift at low temperature (AE;, open symbols) as a function of the emission
peak energy. Triangles are from this work, and the squares, circles and stars

from Ref. 30, 33 and 38 respectively.

For the present samples, the form of the change in energies AE; and AE> can also be
analysed as a function of GaN cap thickness. Clear variations are observed as shown
in Figure 4.14, with similar behaviour in both series of energies. The initial red-shift,
AE). and subsequent blue-shift, AE>, are the largest for the thinnest cap sample. This
indicates that the thinnest cap (2.5 nm) sample has the largest degree of carrier
localisation. This is in agreement with the calculated localisation as explained above
in subsection 4.3.1.4. It is believed that the increase in the carrier localisation is
likely to be related to the increase in the interface roughness as supported by SEM
and AFM results in Figure 4.9.
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a function of GaN cap thickness for “415 nm series” samples.

4.4 Summary

Low temperature photoluminescence (PL) spectra from two series of In,Ga;..N/GaN
single quantum well structures have been studied as a function of GaN cap thickness
(ranging from 2.5 to 15 nm). The motivation of using thin cap layer is to strengthen
the non-radative Férster resonant energy transfer (FRET) from the underlaying
In,Ga;,N quantum well to the polyfluorence thin film [4]. The structures with
thinner caps are found to give reduced PL intensity and larger PL linewidth
indicating degradation due to the increasing effects of the surface. The relative
strength of the LO-phonon satellites is found to have a clear dependence on the cap
thickness. SEM and AFM images show that the RMS surface roughness and pit
density increase as the cap thickness decreases. Temperature-dependent PL spectra
display the anomalous ‘S-shaped’ emission behaviour of the quantum well energy
peak, indicating the presence of carrier localisation. The thinner sample exhibits a
larger rate of change in the energy (initial redshift AE; and blueshift AE,) at low
temperature range than thicker samples. Analysis of the Huang-Rhys parameters,
peak energies, surface morphology and temperature-dependent PL spectra suggests
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that the amount of localisation excitons increases as the cap thickness is reduced and

is related to the increase in the surface roughness.
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CHAPTER S
Optical Properties of In,Ga; N/GaN Single Quantum Wells

with Various Si-doping Concentrations in GaN Barriers

5.1 Introduction

The dependence of the optical properties of In.Ga;.,N/GaN quantum wells on
characteristics, such as cap thickness (as discussed in Chapter 4) and well thickness,
has been widely investigated. There is also strong interest in the structural, optical
and electronic effects of silicon doping in the barrier layers of In,Ga;..N/GaN
quantum wells, as used to fabricate high-performance LEDs. Silicon doping has been
shown to affect such properties of In,Ga;..N/GaN quantum wells as the crystal and
interfacial quality [1] and the photoluminescence intensity [2-3]. Doping can
influence the band gap measured optically from quantum wells in a number of ways.
As mentioned in Chapter 2, the optical band gap can be larger or smaller than the
undoped crystal host due to band filling or band gap renormalisation (BGR),
respectively. BGR competes with band filling at high carrier density. The relative

importances of these effects are significant in determining optical properties and
device performance.

Many research groups have investigated the effects of BGR and band filling on the
energy gap of group IV (for example Si [4-5]) and conventional III-V (for example
GaAs [4], InP [4] and InN [5]). Jain and Roulston [4] reported a general equation for
BGR for n- and p-type Si, Ge and GaAs layers. They fitted the narrowing of the gap

(AE,) by BGR using an expression with n'B, n' and n'? terms 4]

AE,(BGR) = A.n'” + B.n"* + Cn'"? G.)

where n is the free carrier concentration (electrons or holes depending on the type of
dopants) and 4, B, and C are constants. The three terms are (i) exchange energy of
majority carriers, (i) correlation energy of minority carriers, and (iii) carrier-ion
interaction energy, respectively. They observed that BGR fits quite successfully to a

n'® dependence, in agreement with Casey et. al. [6]:

AE, (BGR) ~ a.n'? (5.2)
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where a is known as BGR coefficient (a is not simply related to exchange energy).
The magnitude of the renormalised band gap in semiconductors with gaps in the
infrared, such as GaAs, has been shown to have a n'” dependence [4]. It was not

clear whether this dependence would also be true for materials with higher gaps.

Recent studies have extended the investigation of BGR to wide-gap Ill-nitrides
including Si-doped GaN [7-11], AIN [12], Aly+Gao3N [13] and ZnO [14-16] films.
As explained previously, there is a competition between band filling and BGR at
high carrier density. Lu et al. [16] observed that as the electron concentration (n)
increased the optical gap first increased as n*®, due to a Burstein-Moss (BM) shift
caused by band filling, followed by a sudden decrease for 7> 4.2 x 10" cm™ due to
the BGR effect, and then increased again but at a slower rate controlled by
competition between BM and BGR. In many cases the BGR-induced shifts in energy
gap can be accounted for by a n'” dependence. Table 5.1 lists the reported BGR
coefficients for various materials. It is noteworthy that the BGR coefficients for GaN
vary by almost an order of magnitude. There is limited information on BGR in highly

doped In,Ga;.N/GaN structures, with minimal data [17] or no explanation [3].

Table 5.1 BGR coefficients of 111-V and II-VI materials.

Material BGR coefficient (x 10° meVem) Reference

p-GaAs - 2.60 4
p -GaSb -2.22 4
p -InP -2.69 4
p -Ing.s3Gag.47AS -2.43 4
n-InN - 1.70 5

n -GaN - 0.57 11
-1.30 9

-2.10 7,9
-2.40 8

-4.70 10

n -AIN -2.99 12

n -Alp7GagsN -1.20 13
n -ZnO - 1.33 15

In this work, the effects of various Si dopant concentrations on the emission peak
energies of In,Ga,.N/GaN single quantum wells (SQWs) using photoluminescence

86



(PL) as a function of temperature including comparison with relevant published data
from doped In,Ga;. N wells are presented. In addition, since the presence of excess
free carriers may cause Coulomb screening of the piezoelectric field [18-20],
therefore it is necessary to study the effect of excitation power density on the optical
properties. As the excitation power is increasing, more photo-generated carriers are
produced, which may lead to the screening the internal electric field and results in a
blue-shift in the transition energy. Other factors including surface recombination,

surface depletion field and strain will also be considered.

5.2  Specific Samples and Experimental Details

The samples were grown in consecutive runs on c-plane double-polished sapphire
substrates, by a commercial LED wafer supplier, using metal organic chemical
vapour deposition (MOCVD). Trimethylindium (TMIn), trimethylgallium (TMGa)

and ammonia (NH;) were used as precursors for In, Ga and N respectively.

Each sample comprises of a single In,Ga,.,N quantum well, nominally 2 nm thick,
with an 8 nm GaN cap layer, a lower GaN barrier of 20 nm, and 3 um GaN buffer
layer. The barrier, cap and buffer layers were intentionally doped with nominal Si
dopant concentrations (Ns;) varied from 5 x 10" to 1 x 10" cm™. The In,Ga, N
wells were undoped and have a nominal InN molar fraction (x) of 0.09. A schematic

diagram of Si-doped GaN barriers of Ing¢9Gag91N/GaN SQW sample is shown in
Figure 5.1.

80 A GaN:Si cap

20 A lno,ogGaog]N QW
200 A GaN:Si

3 pm GaN:Si buffer

Nucleation
D layer

ouble-side-polished
¢-plane sapphire substrate

Figure 5.1 Schematic structure of Si-doped GaN barriers of In,Ga; \N/GaN
SQW with nominal InN molar fraction (x) of 0.09 (not to scale).
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PL spectra were measured using excitation by 325 nm radiation from a low-power
He-Cd laser and detected using a cooled CCD spectrograph. The laser power was
varied from 0.05 to 5 mW in a 0.3 mm diameter spot. The sample temperature was
controlled in the range = 16 to 300 K. The electron concentration and mobility in the
Si-doped samples were measured at = 77 K using conventional Hall-effect method
(van der Pauw configuration). The measured free carrier concentrations are around
70 to 80 % of the nominal dopant concentrations, with the measured mobility

decreasing from approximately 210 to 120 cm*/Vs as the doping increases.

5.3  Experimental Results and Discussion

5.3.1 Low Temperature PL Spectra

Figure 5.2 presents the low temperature (= 16 K) PL spectra of InggsGaoo1N/GaN
SQW samples with various dopant concentrations (Ns;) ranging from 0.05 to
1 x 10" cm. Several emission peaks are observed. The quantum well transition
energies (or zero-phonon line) as marked by solid arrows and their phonon satellites
(1LO, 2LO) at the low energy side of the PL spectra are clearly observed. The
appearance of LO-phonon sidebands (LO-PSBs) to the low energy side of the zero-
phonon line results from the coupling of excitons to phonons and their relative
strength can be expressed by Huang-Rhys parameters as explained previously in
Section 2.6.1. Also, there are a few PL features appearing at the higher energy side
of the spectra. The sharp emission lines at around 3.28, 3.19 and 3.10 eV are
assigned to the donor-acceptor pair (DAP) of GaN and its LO-phonons (LO-DAP)
satellites, respectively. In order to obtain accurate information, the QW peak
intensity, emission energy and FWHM are estimated using multi-Gaussian peak

fitting following subtraction of a linear background, as shown in green dotted line in

the figure.
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Figure 5.2  Low temperature PL (= 16 K) spectra of barrier-doped
Ing,00Gag.01N/GaN SQW with various dopant concentrations. The solid arrows
indicate the QW transitions, and the dashed arrow points to the lower energy
shoulder. The green dotted lines show the multi-Gaussian peak fitting and

linear background subtraction.

A red-shift in the QW transition energy from around 3.07 to 3.01 eV is observed as
the doping concentration increases from 0.05 to 1 x 10" ¢cm™. Clear QW LO-phonon
satellites are seen in the most lightly doped sample of 5 x 10" em™ with Huang-Rhys
parameters for the first and second satellites of 0.11 and 0.1, respectively. For each
sample the energy separation of successive phonon satellites remains constant at
approximately 90 meV, as observed previously [21]. A shoulder on the low-energy

side of the QW emission peak as indicated by dashed arrow is observed. It is present
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in highly doped samples and become stronger in samples with higher doping levels.
It is also seen to strengthen at higher temperatures which will be discussed and
presented in subsection 5.3.4. Furthermore, it is noted that the LO-phonon satellites
for the more heavily doped samples are not very noticeable. On the other hand, the

peak emission intensities of the DAP and its LO-DAP satellites in these heavily

doped samples become stronger. This is possibly due to more defects being

introduced as the doping increases.

The intensity and FWHM of the QW transition for all samples are plotted against the
dopant concentration as shown in Figure 5.3. The PL peak intensity decreases by
almost 5 times as the dopant concentration increases from 0.05 to 1 x 10" ¢m™
whilst the FWHM almost doubles. The FWHM of the lowest doped sample is near
64 meV with an emission energy of 3.07 eV. This value seems to be reasonable when
compared to the non-intentional doped In,Ga;, N SQW samples with similar InN
fraction range in Ref. 22. The PL is thus seen to be degraded for the more highly
doped samples, as evidenced by the decrease in PL intensity accompanied by an

increase in FWHM, principally due to impurity scattering.

1.2x10° 140
?i 4 120
& 8.0x10 -n
E 2
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% G
& 4.0x104 S

80
0.0 60

18 -3
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Figure 5.3  Low temperature (= 16 K) peak PL intensity and linewidth of

Ing09Gag.91N/GaN:Si SQWs as a function of dopant concentration (Ng)).
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Figure 5.4 plots the QW transition energy as a function of the dopant concentration.
It is observed that the QW transition energy decreases nonlinearly with a reduction in
energy of around 60 meV as the dopant concentration increases from 0.05 to 1 x

10" em”.
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Figure 5.4 QW transition energy of Ing00Gag o N/GaN:Si SQWs as a function

of dopant concentration (Vg;).

5.3.2 Power-Dependent PL Spectra

Figure 5.5 shows the power-dependent PL spectra of samples with Si-doped barriers
of 0.5 and 5 x 10'® cm™, measured at = 16 K. The power on the sample ranges from
0.05 to 0.5 mW. It is observed that there is no change in the QW peak position of any
sample measured in this work as indicated by the dashed lines in the figure when the
power density increases by 2 orders of magnitude. This suggests that the
piezoelectric field frequently observed in strained In,Ga,.,N/GaN QWs is suppressed
in the samples studied in this work. For the heavier doped sample (in Figure 5.5(b)),
a shoulder appearing at the lower energy emission of the QW (marked by the dashed

arrow) at around 3 eV is observed. It becomes more visible as the power density

increases towards 0.5 mW.
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Figure 5.5  Power-dependent PL spectra at = 16 K for samples with doping
concentrations of (a) 5 x 10" em™ and (b) 5§ x 10'"* ¢m”. The dashed line
indicates the QW peak position and the dashed arrow points to the lower energy

shoulder.

5.3.3 Analysis

Several studies have reported a blue-shift in the In,Ga,;,N/GaN QW transition energy
with increasing Si-doping concentrations and explained this in terms of band filling
and/or Coulomb screening of the piezoelectric fields [10, 18-20, 23]. As shown in
Figure 5.4, the QW transition energy has reduced from approximately 3.07 to
3.01 eV with an energy reduction of 60 meV as the dopant concentration increases
from 0.05 to 1 x 10" cm™. Given the red-shift in transition energy observed in this
study and the power-dependent PL spectra (Figure 5.5), it is clear that the band

filling and the field-screening are not dominant mechanisms in these samples.

At carrier concentration above the Mott transition, the band gap narrowing becomes

significant through (i) merging of donor and conduction bands [24], (ii) band tailing
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by impurity-induced potential fluctuations [25] and (iii) electron—electron exchange
and Coulomb interactions, and screened electron-ion many-body contributions to the
electron and hole self-energies [4]. These optical band gap narrowing mechanisms
will compete with the band filling effect as the carrier concentration (n) increases.
Theoretical calculations by Allen er. al. [25] on the potential fluctuations by
impurities predicted a linear dependence of the red-shift on n. However, it is seen
from Figure 5.4 that the QW transition energy does not decrease linearly with dopant
concentration. On the other hand, many-body effects due to exchange and Coulomb
interactions, and screened electron-ion interactions producing BGR are expected to

provide a n'® dependence.

As mentioned earlier, the measured free carrier concentrations using Hall Effect
technique are around 70 to 80 % of the nominal dopant concentrations as the doping

increases. Thus Equation (5.2) is simplified and related to the dopant concentration,

N; as follows:

AE,(BGR) ~ a.Ng'"? (5.3)

Figure 5.6 plots the QW transition energy as a function of the cubic root of the
doping concentration. It is observed that the experimental data fits a N,'> power

law and BGR appears to be the dominant effect causing the red-shift in energy.
Using Equation 5.3, the BGR coefficient is estimated to be - 4.2 x 10° meVem,
which lies near the top of the reported range for n-GaN shown in Table 5.1.
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Figure 5.6 QW transition energy versus cubic root of the estimated carrier

concentration with an assumption of SiH, flow rate being linearly proportional

to carrier concentration. Filled symbols represent the current work and open

symbols are extracted from the references.

Figure 5.6 also includes the experimental data extracted from the literature I3, 17;
26]. Ref. 3 described a decrease in the emission energies with increased doping for
two different well/barrier thickness ratios. The flow rates are converted to doping
concentration under assuming linear proportionality (30 scem SiH, flow rate results
in 300 K free carrier concentration n of near 1 x 10" em™ [3]). The estimated BGR
coefficients differ by more than a factor of 2. Ref. 17 reported a BGR coefficient of
-15.8 x 10” meVem which is almost 3 times larger than our estimate. The range of
reported BGR coefficients is likely to be due to various factors including the
interplay of the band filling, the Coulomb screening of the internal polarisation field,
and the band gap renormalisation effect, similar to those described in Si-doped ZnO
by Lu er. al. [16] and Si-doped Al,Ga;,N/GaN multiple quantum wells by Kajitani
et. al. [27]. Another possibility is the influence of the sample structure for example

the well and barrier thickness as illustrated by Grudowski er. al. (3]
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As mentioned earlier, BGR occurs when the carrier density is above the critical Mott
density (or the carrier density at which the semiconductor-metal transition occurs).
Hence an estimation of the critical Mott density is necessary. F. Binet et. al. [28]
studied the photoluminescence from GaN under intense excitation and lead to an
estimate of Mott density in the range of 1.8 to 3.8 x 10" cm™, dependent on carrier
temperature. This lies in the middle of the range of dopant concentrations used in this
work as illustrated in Figure 5.4. Moreover, the absence of a blue-shift at high

concentrations appears to show that band gap renormalisation wins out over band

filling in all cases.

In this study, the cap layer used is thin (8 nm). This means that the quantum well is
buried near to the surface and thus the influence of surface recombination and the
surface depletion field on the luminescence properties are worth to be considered. In
Chapter 4, the thinnest cap nominal thickness is 1.5 nm and it was shown that the
effect of the surface recombination is not significant. Therefore, this effect will not
be an issue in this work since the cap thickness used here is much thicker. As for the
surface depletion field, the surface potential of a semiconductor is determined by the
position of the Fermi energy relative to the conduction band edge. For GaAs, an
occupied mid-gap level determines the surface potential of 0.7 eV, which then
defines the depletion layer width as a function of the doping concentration [29]. The
surface potential is shown to be independent of Si doping up to a concentration of
3 x 10'8 cm™ [30]. On the other hand, experimental results on GaN [31-35] as well as
a theoretical study [36] on the surface potential show a more complex situation. The
experimental results vary in a wide range, from 1.75 eV [32] which would point to a
mid-gap level, to 0.5 eV [34]. The origin of the variation could be the sensitive GaN
surface which has a density of surface states almost a factor of 10 less than GaAs, as
found in an extensive study on metal contacts to GaN. This makes it understandable
that the Fermi level pinning is easily reduced by surface treatments such as NH,OH
solution and N, plasma [37], and nitrogen ion sputtering and annealing [38)]. Another
influence, which might be caused by the low density of the surface states, is the
doping dependence of the surface potential [33, 39]. Kéhler et. al. [39] investigated
the surface potential of GaN:Si with Si doping in the range from 0.06 to
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2.3 x 10" cm™. It is reported that the surface potential drops with increasing doping
concentration, from around 1.5 to 0.2 eV. Since no surface treatment was applied in
this study therefore it is believed that doping is a crucial contribution to the Fermi

level pinning.

Using the surface potential data from Ref. 40, and the depletion field and depletion
width equations in Chapter 4, one can estimate the surface depletion field and
depletion width at different doping concentrations. The maximum strength and the
width of the surface depletion fields are estimated to be near 0.55, 0.72 and
1.0 MV/cm, and 63, 8 and 6 nm for 5 x 10”, 5x10%and 1 x 10" cm'3, respectively.
The estimated depletion fields for 5 x 107 and 5 x 10'® cm™ samples are
considerably small as compared to the internal field (>2-3 MV/cm). Also, it is noted
that although the surface depletion field for the heaviest doped sample of
1 x 10" em™ is calculated to be large (1 MV/cm), the maximum depletion width (6
nm) is within the cap layer (8 nm). This suggests that there is no impact on the
quantum well. Thus the influence of surface depletion field on the optical properties
is believed to be not significant.

Another factor to consider here is the strain effect due to the lattice mismatch
between the GaN well and the In,Ga;.N barrier, and the defects induced by Si
doping. Lee et. al [40] reported a red-shift in the luminescence peak position in
highly Si-doped GaN on sapphire. They observed the bound exciton energy
decreases from around 3.483 to 3.468 eV (a change in 15 meV) as the carrier
concentration increased from 0.04 to 1.6 x 10'° cm™. They ascribed the red-shift to
the partial relaxation of the thermally induced mismatch strain through the formation
of defects induced by the Si doping in the epilayer. On the other hand, another
research group [9] reported that the values of the residual strain were scattered in
their GaN:Si samples and they did not observe a clear trend of strain relaxation with
Si doping range up to 1.3 x 10" cm™. As the generation mechanism of defects due to
Si incorporation is not clear yet and we lack residual strain measurements in this
work, it is difficult to determine whether the strain relaxation plays a significant role

or not. Nevertheless, the strain-induced band gap shift by Lee et. al. [40] with similar
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power density and carrier density is not sufficient to account for the 60 meV down

shift of band gap energy observed in this work.

5.3.4 Temperature-Dependence PL Spectra
The temperature-dependent PL spectra for different doped samples are presented in
Figure 5.7. The shoulder on the lower energy side of the QW peak as indicated by

the dashed arrow appears in heavily doped samples and becomes more prominent as

the doping increases as discussed in the earlier subsections.

Normalised PL Int (a.u.)

295 300 304 308 312 316 288 292 296 300 304 308
Energy (eV) Energy (eV)

Figure 5.7 Normalised temperature-dependent PL spectra of (a) 5 x10'” ¢m™

and (b) 5 x10" cm” Si-doped barrier In,Ga; N/GaN SQW. Dashed black line

indicates the QW peak position and the dashed red arrow indicates the shoulder

on the lower emission energy of QW peak.

As the temperature increases from 16 K to the room temperature, the QW transition
intensity becomes weaker due to thermal quenching whereas the shoulder on the
lower energy emission becomes stronger. This behaviour indicates that the latter is

not related to donor-bound exciton recombination. In fact, similar behaviour is
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observed in the most heavily doped sample (10" em™). It is believed that this
shoulder on the lower energy emission could be related to Si-related defects where
the carriers trapped in such defects in the quantum well may get thermally activated
at high temperature, achieving sufficient energy to escape and recombine radiatively.
One of the possible origins of this Si-related defect could be that the Si is introduced

into the quantum well non-intentionally from the chemicals during the growth.

The temperature dependence of the QW peak positions are plotted in Figure 5.7,
which shows a decrease—increase—decrease pattern or called *S-shaped’ behaviour.
As explained in Chapter 4, this “S-shaped’ behaviour has been attributed to the
effects of inhomogeneity of InN content and carrier localisation in In,Ga,_ N [41-42].
Figure 5.8 plots the change in the QW peak position as a function of temperature. It
is observed that the blue-shift within the S-shape is smaller (I meV) in the more
heavily doped sample than for the lightly doped sample (3 meV). Pecharroman-
Gallego et. al. [42] explained that the change in the blue-shift is related to the relative
depth of localisation. This suggests that the increased doping has considerably
decreased the carrier localisation, as observed in Ref. 2 but in contrast to Ref. 17. It
seems most plausible that the extra free carriers will screen out localising effects

within the band profile.
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Figure 5.8  Change in peak energy as a function of temperature for different

doped samples.
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54 Summary

The influence of Si doping in the barriers of In,Ga,;.,N/GaN SQWs on the optical
properties have been studied using photoluminescence as a function of power and
temperature. The QW PL peak intensity decreases by almost 5 times whereas the
FWHM increases by almost two times as the Si doping concentration increases from
0.05 to 1 x 10" cm™. The PL properties for more heavily doped samples are seen to
be degraded principally due to impurity scattering. The QW transition energy has
reduced by approximately 60 meV with increasing doping. There is no change in the
QW transition peak position as the power density increases by 2 orders of magnitude.
This suggests that the piezoelectric field frequently observed in strained
In,Ga;.,N/GaN QWs is suppressed in the samples studied in this work. The red-shift

in the QW transition energy is attributed to band gap renormalisation with a

coefficient of - 4.2 x 10 meVem.

For the heavier doped sample, a shoulder appearing at the lower energy emission of
the QW is observed. It becomes more prominent as the doping and/or temperature
increase. It is believed that the lower energy emission could be related to Si-related
defects where the carriers trapped in such defects may get thermally activated at high
temperature, achieving sufficient energy to escape and recombine radiatively. From
the temperature-dependence PL spectra, it is shown that the heavy doping has

reduced the carrier localisation in these structures.
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CHAPTER 6
Photoluminescence of Near-Lattice-Matched GaN/Al,_,In,N
Single Quantum Wells with Various Well Widths

6.1 Introduction

With a band gap extending from that of InN, 0.7 €V in the infrared, to that of AIN,
6.2 eV in the deep ultraviolet, Al;..In,N offers the widest spectral coverage of all
three ternary nitride alloys. It opens up many significant IIl-nitride optoelectronic
applications. Most importantly, Al,..In,N can be lattice-matched to GaN with an InN
fraction of approximately 17 % [1-5] with a band gap estimated to be around 4.1 eV.
Detailed study on the band gap of Al In,N will be presented and discussed in
Chapter 7. With free-standing GaN (FS-GaN) substrates now commercially
available, deployment of lattice-matched Al In,N offers the possibility to reduce
defect densities in strain free GaN-based devices, such as laser diodes and transistors.
Ref. 6 demonstrates the strain-free state and sharp excitonic transitions in the
topmost GaN layers of lattice-matched GaN-Al,.In,N-GaN trilayer structures grown
on FS-GaN. In addition, lattice-matched GaN/Al;,In,N can be used as cladding
layers for optical waveguides due to its relatively high refractive index contrast with
GaN (7 % and 4 % at A = 400 and 1500 nm, respectively) [S, 7]. This has allowed the
development of lattice-matched III-N dielectric Bragg mirrors {2, 8] and insertion
layers for in situ growth monitoring by reflectometry [3]. Another possible field of
application for lattice-matched GaN/Al;In,N structures is their use for fabricating
mid-infrared intersubband (ISB) high-speed photodetectors or modulators, thanks to
the large conduction band offset (CBO) offered by their heterostructures [7]. Lattice-
matched GaN/Alj,In,N multi-quantum wells (MQWSs) can thus be used as an
alternative approach to the traditionally used GalN/Al,Ga;-,N system.

In order to develop efficient devices, the parameters governing the optical properties
of GaN/Al,4In,N heterostructures have to be investigated. The most important are
the band gap energies, the emission efficiency and the giant built-in electric field

which is known to affect the optical properties of wurtzite heterostructures through

103



the quantum confined Stark effect [7-10]. Early works performed by S. Nicolay et.
al. [7] and R. Butté et al [10] involved growing several lattice-matched
GaN/Al,,In,N single quantum wells (SQWs) with different well thicknesses to study
the built-in electric field. A linear dependence of the PL emission driven by the
electric field is observed from which the value varies from 3.0 to 3.6 MV/cm.
Nevertheless, some properties of GaN/Al;,In,N heterostructures remain unclear
owing to the challenge of finding growth conditions allowing efficient co-
incorporation of Al and In into single-phase layers of high crystal quality, as
discussed in Chapter 2. At the same time differences in growth on FS-GaN and

GaN-on-sapphire substrates have not been explored.

This chapter describes the study of the optical properties of near-lattice-matched
GaN/Al,.In,N single quantum wells (SQWSs) as a function of GaN well width using
photoluminescence (PL) and PL excitation (PLE) spectroscopy. Samples were grown
on c-plane sapphire and on FS-GaN substrates. PL and PLE data are used to
characterise the wells and provide information on the optical properties of the near-
lattice-matched Al.,In,N barriers. Selectively excited PL spectra distinguish
luminescence originating in the wells, barriers and the underlying GaN buffer layers.

The effects of the excitation power density and sample temperature on the optical
properties are also considered.

6.2  Specific Samples and Experimental Details

GaN/Al;,In,N SQW samples were grown by Dr. Ian Watson at the Institute of
Photonics from University of Strathclyde using metal organic chemical vapour
deposition (MOCVD) in an Aixtron 200-series reactor. Trimethylaluminium
(TMAL), trimethylindium (TMlIn), trimethylgallium (TMGa) and ammonia (NH3)
were used as precursors for Al, In, Ga and N respectively.

Two batches of samples were grown with different lower barrier thickness. The first
batch of samples consisted of SQWs with nominal thickness 1.5, 3 and 4 nm and
were grown on 1.5 pm GaN buffer layers on c-plane sapphire substrates. These have
AlyIn,N lower barriers and caps both of 10 nm thickness. As for the second batch
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samples, similar GaN SQWs with nominal thicknesses 2.5 and 4 nm were grown
simultaneously on FS-GaN substrates and GaN-on-sapphire templates. In these
samples the thickness of the Al In,N barriers below the QWs is increased to
100 nm, with 10 nm Al In,N caps. The FS-GaN substrates had polished back-sides,
while the templates had non-polished back-sides. No intentional doping was used in
any layer. The GaN QW material was grown at the same temperature as the Al,_In,N
(a setpoint of either 815 or 820 °C). The QW thicknesses were determined by the
growth time, assuming a growth rate of 54 nm/hr, measured in a separate calibration
run. The InN composition in Al;.,In,N layers was targeted to the lattice-matched to

GaN. A schematic structure of a GaN/Al;,In,N SQW sample is shown in Figure 6.1.

GaN buffer

<4— Nucleation

c-plane sapphire or FS-GaN substrate layer

-

Figure 6.1  Schematic structure of a GaN/Al;.,In,N SQW (not to scale).

Figure 6.2(a) and 6.2(b) present the transmission electron microscopy (TEM) images
of the samples with nominal well width of 4 nm and a lower Al;,In,N barrier of 10
nm on c-plane sapphire and a lower Al In,N barrier of 100 nm on FS-GaN
substrates, respectively. TEM was performed by Dr. Zhi Hao Wu and Prof. Fernando
Ponce in the Department of Physics and Astronomy at Arizona State University, The
images confirm an actual QW thickness of 4.1+0.2 nm close to the target value, and
the coherent nature of the interfaces. It is observed that for the sample grown on
sapphire substrate (in Figure 6.2(a)) that the upper interface is considerably rougher
than the lower one. As for sample grown on FS-GaN substrate (in Figure 6.2(b)),
both the lower and upper interfaces are considerably smoother. The growth
conditions of the GaN/Al,In,N SQW samples are summarised in Table 6.1.
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Figure 6.2 TEM images of the near-lattice-matched 4 nm GaN/Al;_InN
SQWs grown on (a) sapphire substrate and thin 10 nm Al In,N barrier, and
(b) FS-GaN substrate and thick 100 nm Al;_In\N barrier.

Table 6.1 Growth conditions of GaN/Al;.In,N SQW samples.

) ; Ca Lower
Sample ID | Substrate T(,rowf)h well wadih, Thick[l:ess Barrier
emp (°C) Twell (nm)
| (nm) (nm)
STR438 815 1.5
STR440 Sapphire 815 3 10 10
STR439 815 4 (““Thin™)
STR455A FS-GaN 820 2.5
STR455 5
(same run as g:;}?ll; 820 2.5
STR455A) 10 100
STR447A FS-GaN 815 4 (“Thick™)
STR447
(same run as S:}I)\:)-f?i?é 815 4
STR447A)

The “thin lower barrier series” and “thick lower barrier series” each contain samples
whose growth conditions differ only in the thickness of the well width. Study of each
series provides information on the influence of the well width thickness on the
optical properties. Comparison of the two series provides information on how the
difference in the lower barrier thickness will affect such characteristics as the
luminescence intensity and the peak emission wavelength. In addition, the “thick

lower barrier series” contains samples whose growth conditions differ only in the
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choices of substrates. It is worth mentioning that these samples (STR455A and
STR455; STR447A and STR447) were grown in the same run on their individual
quarter-wafer substrates. Hence, studies of these samples provide accurate

information on the influence of the substrates on the optical and compositional

properties.

PL was excited by the monochromated emission from a 1000 W short arc xenon (Xe)
lamp or by a frequency-doubled cw Ar’ laser (244 nm). PLE spectra were also
obtained using the Xe-lamp, and were corrected for the Xe-lamp output and
throughput of the monochromator. The incident lamp power on the sample averages
0.3 mW on a surface area of about 2 x 5 mm’. The laser power measured on the
sample surface was either 0.06 mW in a 10 pm spot size or varied from 0.05 to
90 mW in a 200 um® spot area. The samples were maintained at = 17 K in a closed-
cycle helium cryostat for the lamp excitation, and = 9 K and at room temperature
(RT) for the laser excitation. For temperature dependent PL spectra, the temperature

was varied from = 10 to 300 K using a heater in combination with a temperature

controller.

The compositions of the samples were primarily investigated using wavelength
dispersive x-ray (WDX) measurements on a Cameca SX100 EPMA system as
described in Chapter 4. The standards used to measure In, Ga, N and Al are given in
Table 4.1 along with the analysis crystals and x-ray lines used for all four elements.
As mentioned in Chapter 4, the minimum practical beam energy for quantitative
analysis is around 1.3 times the threshold for x-ray excitation [11]. In Al,.,In,N, the
highest x-ray excitation energy is 3.29 keV for the In L, line. As we are measuring
In, our beam energy should be above 4.3 keV in order to obtain reasonable x-ray
counts. Hence, 5 keV and 20 nA were applied on the “thick lower barrier series”
SQW samples to measure the InN composition in the barrier layers. It is assumed
that the thickness of the QW is very thin as compared to those of the barrier layers

and thus has negligible influence on the InN composition measurement.
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6.3 Experimental Results and Discussion

6.3.1 Effect of Well Width

Figure 6.3 and 6.4 show the normalised low-temperature (LT) and room temperature
(RT) PL spectra of the near-lattice-matched GaN/Al,_,In,N SQWs with thin (10 nm)
lower Al In,N barriers on sapphire substrates, using 280 nm Xe-lamp and 244 nm

laser excitation, respectively. The arrows indicate the QW emission peaks and the

dotted line indicates the GaN emission energy.
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1
—_—

Z :

(3] |

o :

- T y e | y P T y T
= 28 30 32 34 | 36 38
3 |

= | STR&0(Twell =3mm)

£ | ! :

- \

o :

& 18

T )

o T T T T i T T

o 28 30 32 34 ' 36 38
© :

£ .

z° STR439 (Twell =4 nm)

T - T ¥ T Y T v%

28 30 32 34 36 38
Energy (eV)
Figure 6.3  Normalised LT PL spectra of GaN/Al, In,N SQWs with thin

10 nm lower barriers on sapphire substrates using 280 nm Xe-lamp at 17 K.

The excitation power density for lamp is = 0.003 W/cm?,
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Figure 6.4 Normalised RT PL spectra of GaN/Al;In,N SQWs with thin
10 nm lower barriers on sapphire substrates using 244 nm laser excitation with
a power density of = 0.76 kW/cm>. The green lines show Gaussians, smoothing

out the interference fringes.

For the thin well of width 1.5 nm, a QW PL peak centred at an energy of near
3.65 eV is observed. This is well above the GaN band gap (at = 3.48 ¢V), due to the
quantum confinement effect. However, as the well width increases from 1.5 to 4 nm,
the SQW peak energy decreases rapidly from =~ 3.65 to 3.05 ¢V, moving well below
the bulk GaN band gap. This is a manifestation of the quantum confined Stark effect
(QCSE) resulting from the intense in-built electric field, as has been reported for

GaN/Al;,Ga,N hetero-structures [9, 12]. As explained in Chapter 2, the QCSE
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results in the separation of the wave function of the electron and hole. This is due to
the fact that the electrons and holes which form the excitons are pulled in opposite
directions by the internal electric field. Hence, this causes a reduction in transition
energy and the red-shift of the SQW emission becomes larger as the well width
increases. This electric field arises from both piezoelectric and spontaneous
polarisation discontinuities between the well and barrier materials [13]. For near-
lattice-matched material the piezo-component of this field approaches zero but
intense spontaneous polarisation fields remain. In addition, the interference fringes
are more prominent in the laser excited spectra than in Xe-lamp excited spectra. This
is probably due to greater thickness uniformity of the sample within the much
smaller measurement area for the laser. In addition, it is noted that the luminescence

intensity of the GaN peak quenched faster than the QW peak at room temperature as

presented in Figure 6.4.

A similar red-shift in the QW peak emission energy is seen in the samples on FS-
GaN substrates with increasing well width as shown in Figure 6.5. The QW emission
energy decreases from = 3.32 to 3.08 eV as the well width increases from 2.5 to
4 nm. Gaussian fittings were employed to identify the additional features present in
the figure. A broad emission band in the higher energy range at around 3.72 eV is
seen. This is attributed to band-to-band emission from the Al In,N barrier, in

agreement with an earlier Al,..In,N epilayer as shown in Figure 6.6.
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Figure 6.5 RT PL spectra of GaN/Al_JIn.N SQWs with 100 nm lower

barriers on FS-GaN substrates using 244 nm laser excitation of = (.76 kW/em?.,

Arrows indicate the QW emission peaks and green lines denote Gaussian

fittings.
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Figure 6.6  Low temperature (17 K) PL spectra of GaN/Al_,In,N SQW
samples with 100 nm lower barriers and an Al In,N epilayer on FS-GaN

substrate using 280 nm Xe-lamp excitation of = 0.003 W/em?.
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Figure 6.7 plots the QW peak energy as a function of well width for samples grown
on sapphire and FS-GaN substrates. A linear variation of the peak PL energy with
well width is observed, which is similar to that of GaN/Al;,Ga,N hetero-structures
[9, 12, 14]. The two data points for FS-GaN samples suggest a slower red-shift of
QW peak with increasing well width. The QW emission peak for a well width of 1.5
nm exceeds that of the GaN band gap, as a result of quantum confinement, but
rapidly falls below this as the width increases due to the electric field. The electric
field is estimated to be 2.6£0.5 MV/cm, using the gradient of the emission peak
energy as a function of the well width and single particle calculations of confined
energy levels as discussed in subsection 6.3.1.1. An earlier study of lattice-matched
GaN/Al;..In,N quantum wells on sapphire substrate reported a red-shift of similar
gradient [7]. However, the reported emission energies for a given well width are
offset from those in the present work, probably due to systematic differences in the

well widths or different residual strains resulting from the Al,..In,N composition.
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Figure 6.7 QW emission energy as a function of well width for samples
grown on sapphire and FS-GaN substrates. The dashed lines are guides for the

eye indicating the different gradients for the different substrates.
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6.3.1.1 Electric Field Calculation

As the internal polarisation fields in nitride quantum wells lead to a pronounced
QCSE, the resulting strong variation of emission energy with quantum well width
can be utilised to quantitatively determine the magnitude of the internal field. In this
work, the internal built-in electric field for the samples with thin barriers on sapphire
substrates is estimated using the gradient of emission energy as a function of well
width and a program written by Prof. Mark Fox from University of Sheffield. The
program uses a tunnelling resonance model to estimate the confined levels for a

single particle. By combination of these methods the internal built-in electric field is
estimated to be 2.6+£0.5 MV/cm.

° Gradient of Emission Energy vs. Well Width

A schematic diagram of the total QW transition energy for a narrow and wider well

width is illustrated in Figure 6.8.

/

AI].,]I’\XN GaN A]l.xh'lxN

Al In,N GaN Al In N

""""" qul

(a) (b)

Figure 6.8  Schematic diagram of total QW transition energy with (a) narrow
well width and (b) wider well width. E,. and E,, represent the quantisation

energy of electron and hole at ground state (n = 1) respectively.

The above figure shows that the total QW transition energy (E) is the summation of
the quantisation energies of electron (E, ) and hole (E, ) and the energy band gap of
GaN (Eg,y) minus the offset induced by the internal electric field &):
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E=E, +E, ,+Es —q9.(.T,) (6.1)
Therefore, the difference in the transition energies in different well widths is as

follows:

EI - Ez = (Eq,el - Eq,eZ) + (Eq,hl - Eq,hZ) - ‘I-'f(Twl - Tw2) (6-2)

If the quantisation energies of electron and hole in different well widths can be
assumed to be equal, then one can estimate the internal electric field directly from the

gradient of the transition energy versus well width. This would apply for triangular

wells, as discussed later in subsection 6.3.1.1.2. Thus, Equation 6.2 is simplified as:
E -E =q¢5T,-T,) (6.3)
E, -E
&= B ZE) (6.4)
q'(TWZ - Twl)

The electric field estimated from the gradient of Figure 6.8 is around 2.7 MV/cm

° Single Particle with Confined Energy Levels

In the tunnelling resonance program, the QW structures are designed to be as similar
as possible to the experimental samples with similar well width but the barrier
thickness selected is 4 nm. This is because the program does not work well with

wide barrier thickness where the tunnelling is observed to be very weak.

The fixed parameters used are: (i) the conduction to valence band offset ratio of
70:30 is selected in the calculation as employed in Nicolay et. al. [7); (ii) concerning
the band gap of the Al,.,In,N barrier, a value of 4.25 €V is applied on the basis of the
PLE measurements carried out on 3 and 4 nm well widths GaN/Al,_In,N SQWs (as
discussed later); (iii) the energy band gap of GaN is 3.5 eV; and (iv) the effective
masses of the QW ground-state electron (e) and heavy hole (hh) used in the
calculation are those of GaN as 0.2 and 0.8 respectively [15]. The varied parameters

are the well widths varying from 1.5 to 4 nm and the internal electric fields range
from 0 to 3 MV/cm.
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By applying different values to the electric field while fixing the well width, the
quantised energies at respective electric fields are determined. The procedure is
repeated by varying the well width while keeping the electric field constant. Using
Equation 6.1, the total QW transition energy can be calculated. The calculated QW
transition energies are then compared with the experimental emission energies as
presented in Figure 6.9. Similar trend in the change in transition energy as a function
of well widths at various electric fields is observed in Franssen et al. [16]. The
internal electric field in these samples is estimated to be around 2.5 MV/cm.
However it is important to highlight that this tunnelling resonance model is not ideal
as the model is struggling to calculate the confined levels at the very high electric
fields present in these structures. There are greater uncertainties when the electric
field is above 1.5 MV/cm. Nevertheless, the program shows that the confined levels
become independent of well thickness for electric field > 1 MV/cm and well width
above 2 nm as represented by the linear slopes. This is due to the electron and hole
wave functions being pulled into the corner of the triangular QW at high electric
field, in this case > 1 MV/em. Hence, they are not affected by increase of well width.

This suggests that the above gradient model discussed earlier is applicable.
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Figure 6.9 QW transition energy versus well width. The solid and open
symbols are experimental data and data using tunnelling resonance program,

respectively. The blue open symbols indicate the program is struggling.



Selectively excited PL and PLE spectra were measured at a low temperature of 17 K
on the 3 and 4 nm well width SQW samples grown with thin barriers on sapphire
substrates as shown in Figure 6.10 and Figure 6.11, respectively. For the SQW
samples, there is no change in the QW peak position, i.e. 3.26 eV for 3 nm well and
3.02 eV for 4 nm well, is observed as the excitation wavelength increases from 230
to 340 nm. However, the QW PL peak intensity first increases as the excitation
wavelength increases from 230 to 280 nm, before it declines with further increase in

excitation wavelength.

(@) 3nm well (= 17 K)

(b) 4 nm well (= 17 K)

|

——230nm JJL\A- ——230nm A
\ d_‘_/-—-—!\
| :
—— 245nm . ‘ \_—— 245nm
|

LT PL Int (a.u.)
LT PL Int (a.u.)

i
|
|
|
L
|

; h——— 325nm
]

— 325nm \ !
- ] - \

! | ——340n
—— 340nm :
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28 30 32 34 28 30 32 34
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Figure 6.10 Low temperature (= 17 K) selectively excited PL spectra of the
well width of 3 nm and 4 nm GaN/Al;_In,N SQWs with thin lower barriers on

sapphire substrates.
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Figure 6.11 Low temperature (= 17 K) PLE spectra from the SQWs on
sapphire substrates detected at 3.26 ¢V (3 nm well) and 3.02 ¢V (4 nm well). The

arrows are the selectively excitation wavelengths as shown in Figure 6.10.

The PLE spectra provide details of the absorption in the Al In,N barriers, showing a
peak near 275 nm in Figure 6.11. The effective band gap is estimated to be = 4.25 ¢V
using sigmoidal fitting to the PLE spectrum [17]. Hence the band gap difference
between GaN and near-lattice-matched Al;InN is seen to be as large as almost
0.8 eV. A decrease in PLE signal at low excitation wavelength is not commonly
observed in samples where the QW is placed close to the surface [18-19] as in this
work with cap thickness of around 10 nm. A possible explanation is the ‘hot carrier
effect’, consistent with the observation of a GaN peak at very short excitation
wavelength (e.g. 230 nm). At high excitation energy, the photo-induced ‘hot” carriers
overshoot the well region, and reach the GaN buffer layer before recombining. A
small bump near 327 nm (3.79 eV) is observed in the PLE spectrum of the 4 nm well

width sample in Figure 6.11. This excitation could be contributed by the Al,.InN

barrier emission.
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6.3.2 Effect of Substrate

In order to study the effect of the substrates on the optical properties, a direct
comparison of 4 nm QW samples grown simultaneously on GaN-on-sapphire and
FS-GaN substrates, both with 100 nm thick lower Al In,N barriers, is made using

log-scale RT PL as shown in Figure 6.12.

10°
Twell =4nm
—— STR455A: FS-GaN
—— STR455: Sapphire
? 104?
,‘_“., ]
e
=
-
o
= 10°d
o 10 :
GaN
102’ T T T T T - !
28 3.2 36 40
Energy (eV)

Figure 6.12  RT PL spectra of the 4 nm well width GaN/Al_JIn,N SQWs
grown simultaneously on GaN-on-sapphire templates and FS-GaN substrates,
excited by the laser with a power density of =~ 0.76 kW/cm?. The thickness of the

lower Al;_JInN barriers is 100 nm.

The emission from the Al In,N barrier is now observed near 3.86 eV (3.71 eV) for
sapphire (FS-GaN) substrates, in addition to that from the QW and underlying GaN.
The interference fringes are absent for FS-GaN substrates due to similar refractive
index between the substrate and the layers. The peak energies have shifted in
comparison to the equivalent structure on GaN-on-sapphire: the QW transition
energy blue-shifis whilst the barrier emission red-shifis as indicated by arrows. The
GaN peak energy at = 3.42 ¢V is the same in both samples and very close to the

value for strain-free GaN as described in Ref. 20, indicating that the strain is similar,
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These spectral shifts, i.e. a blue-shift in QW transition energy and a red-shift in
Ai;.,lan barrier emission, are attributable to small substrate surface temperature
variations resulting from the difference in the characteristics of sapphire and FS-GaN
substrates. The FS-GaN evidently had a lower surface temperature than GaN-on-
sapphire template, resulting in a lower QW growth rate (blue-shift in QW emission
energy), and a higher InN incorporation in the barrier (red-shift in barrier emission
energy). The net temperature difference arose from an interplay of the different
thermal conductivities (approximately 3 times higher for FS-GaN than sapphire)
[21], thickness, planarity and back-side finishes of the different substrates. In this
work, the sapphire pieces had non-polished back-side as compared to the polished
back-side for the FS-GaN where polishing is suggested to increase the effectiveness
of radiative heating of the substrate. Similar behaviour can be observed in the
Al;,In,N epilayers grown on polished and non-polished c-plane sapphire substrates
where more studies on the effects of the substrates on Al ,InN epilayers will be

presented and discussed in Chapter 7.

The composition of these samples as summarised in Table 6.2 was estimated using
wavelength dispersive x-ray (WDX) measurements. The WDX analysis shows all the
SQW samples on FS-GaN substrates are closer to lattice match with = 18 % InN in
the barriers, having 3 to 4 atomic % more InN than those grown GaN-on-sapphire

templates.

Table 6.2 Al In,N sample details and measured In composition using
WDX.

Sample ID Substrate In Composition (%)

STR4S55A FS-GaN 18.5

STR447A 18.0
STR455 GaN-on-Sapphire 15.3
STR447 14.4

Reducing the InN composition in the barriers below the lattice-match point results in
a piezoelectric field that reinforces the spontaneous polarisation field. The increased
field for the more highly strained samples grown on sapphire, compared to those on
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FS-GaN, is illustrated by the steeper gradient in Figure 6.7. Lorenz et al [22] have
investigated the evolution of the strain state of Al;-,In,N layers close to lattice-match
with GaN (0.13 < x < 0.20) using the combination of Rutherford Backscattering
spectrometer (RBS) and x-ray diffraction (XRD) measurements. They showed that
the strain state of the Al In/N films, about 100 nm thick, grown on GaN buffer
layers changes from tensile to compressive with increasing In content with lattice-
matching to GaN occurring at an indium content of 17.1 %. Another factor that could
influence the electric field is the sample structure. The barrier thickness of the
samples grown on sapphire (10 nm) is thinner that those grown on FS-GaN
substrates and GaN-on-sapphire templates (100 nm). In this work, it is believed that
the barrier thickness plays a secondary role in comparison to that of the InN
composition in affecting the electric field. This is because the QW emission energies

of the 4 nm well width samples on sapphire are almost the same although their

barrier thicknesses differ by 10 times, as illustrated in Figure 6.7.

6.3.3 Effect of Power

In order to investigate the dependence of QW transition energy on the power, the

laser excitation power on the sample was varied from 0.057 to 90 mW in a 200 pmz
laser spot area.

Figure 6.13 plots the QW transition energies of the samples grown on sapphire and
FS-GaN substrates as a function of the excitation power density. As shown in the
figure, there is a strong dependence of the QW transition energy on the excitation
intensity for some widths of SQW. Similar behaviour is seen for the wider width
wells samples grown on both sapphire and FS-GaN subétrates. However, there is no
change in the QW transition energy for thin samples (1.5 nm) as the power density
varies from 0.22 to 9.0 kW/cm?. For wider QWs, the transition energy increases with
the power, due to the screening of the internal electric fields by photo-induced free
carriers. This has a larger impact in the wider wells where the wavefunctions of
electrons and holes are separated further. Similar behaviour has been reported in
In,Ga,,N/GaN MQWs [23]. It is observed that the shift in QW transition energy
increases with the well width from around 25 meV (2.5 nm) to 115 meV (4 nm).
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Figure 6.13 Change in QW emission energy as a function of excitation power

density for GaN/AlIn,N SQWs on sapphire and FS-GaN substrates using
laser excitation at a low temperature of =9 K.

6.3.3.1 Carrier Density Calculation

In order to estimate the photo-induced carrier density, the generation rate equation

due to light in Ref. 24 and electron density equation in Ref. 25 were employed as
presented in the following subsections.

° Generation Rate Equation

When a semiconductor is illuminated with light, carriers can be generated. The
energy of incoming photons is used to bring an electron from a lower energy level to
a higher energy level. In the case where an electron is removed from the valence
band and added to the conduction band, an electron-hole pair is generated. A

necessary condition is that the energy of the photon, Ep, is larger than the band gap
energy, E,.

If each absorbed photon creates one electron-hole pair, the electron and hole
generation rates are given by [24]:
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- G _ POP' (x)
electron light — ™ hole light — ' E A
ph*

G

(6.5)

where «a is the absorption coefficient of the material at the energy of the incoming
photon and Poy(x) is the optical power (W) as a function of distance x. The

absorption of light in a semiconductor causes the optical power to decrease with

distance by a factor of exp(-a.x).

In this work, the parameters and assumptions used are:

e E,, = hc/A where A is the excitation wavelength (244 nm), h is the Planck constant
and c is the speed of light;

e auy = 15 x 10* cm™ [26] is chosen as the In content in the samples used in this
work is low and the GaN well is thin ;

e Assume the absorbed power density per area ( P, (x) / A)is 100 %;

e The quantum well structure is considered as 3 individual epilayers as illustrated in
Figure 6.14.
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Figure 6.14 Quantum well structure as three individual epilayers.

) Electron Density Equation
The electron density » is expressed as [25]:

dn _ 2 3
7= -An-Bn*-Cn*+G (6.6)
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where 4 is Shockley-Read-Hall non-radiative recombination, B 1is radiative
recombination, C is Auger non-radiative recombination, and G is generation rate.
The values of 4, B and C coefficients are obtained from Ref. 25. At steady state,
dw/dt is equal to zero. Hence, Equation 6.6 is simplified to:

An+Bn* +Cn*=G (6.7)

In order to achieve steady state, a long laser pulse is required. In this work, a
continuous-wave 244 nm laser was used. Using the combination of Equation 6.5 and

Equation 6.7, the electron density n can be calculated. In this work, the photo-
induced free carrier density is calculated to increase from 0.02 to 4.8 x 10" cm™ as

the power density increases from 0.02 to 43.5 kW/cm?.

6.3.4 Effect of Temperature

Temperature-dependent PL  measurements were carried out as described in
Chapter 4. Figure 6.15(a) to 6.15(c) show the temperature evolution of the PL
spectra for samples with various well width, barrier thickness and substrates. There is
clearly a decrease in the intensity as the temperature increases for each of the sample.

This is due to the increase in non-radiative recombination with increasing
temperature and hence a decrease in intensity.
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Figure 6.15 Temperature PL spectra of (a) STR438, (b) STR455A and (¢)

STR447A.
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The position of the peak emission energy as a function of temperature for these
samples is plotted in Figure 6.16. Decreasing in the QW transition energy with
increasing temperature is clearly visible in all cases. No clear S-shaped behaviour is
observed in contrast to the S-shaped pattern observed in In,Ga;.,N/GaN QW samples
presented in Chapter 4. In fact, the QW transition energies for all samples,
regardless of the types of substrates, well and barrier thickness, decrease smoothly
with increasing temperature and follow the temperature-induced shrinkage of the
band gap. The lack of S-shaped pattern observed in this work suggests that the

quantum confined stark effect is very strong and it could have overlapped the carrier

localisation effect.
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Figure 616 QW transition energy as a function of temperature for
GaN/Al,.In,N samples (a) STR438 (well width of 1.5 nm, lower barrier of 10
nm and sapphire substrate), (b) STR455A (well width of 2.5 nm, lower barrier

of 100 nm and FS-GaN substrate)and (c) STR447A (well width of 4 nm,
barrier of 100 nm and FS-GaN substrate).
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6.4 Summary

Low temperature and room temperature photoluminescence spectra of near-lattice-
matched GaN/Al,In,N single quantum well structures grown on sapphire and FS-
GaN substrates have been studied as a function of GaN well width (ranging from 1.5
to 4 nm), and excitation power density and excitation wavelength. The QW peak
energy decreases as the well width increases. This is a manifestation of QCSE
resulting mainly from intense spontaneous polarization fields, which persist even in
the absence of strain in the QW layer. The in-built electric field is estimated to be
2.6+0.5 MV/cm using the gradient of emission energy as a function of well width
and single particle calculations of the confined energy levels. Also, the dependencies

of the QW energy on the excitation power reveal the effects of carrier screening of
the built-in electric fields in thicker wells.

The peak encrgies observed in the samples grown in FS-GaN substrates have shifted
in comparison to the equivalent structure on GaN-on-sapphire: the QW transition
energy blue-shifts whilst the barrier emission red-shifts. These spectral shifts are
attributable to small substrate surface temperature variations resulting from the
difference in the characteristics of sapphire and FS-GaN substrates. The net
temperature difference arose from an interplay of the different thermal
conductivities, thickness, planarity and back-side finishes of the different substrates.
In this work, the sapphire pieces had non-polished back-side as compared to the
polished back-side for the FS-GaN where polishing is suggested to increase the
effectiveness of radiative heating of the substrate. In addition, the samples on FS-

GaN substrates have 3 to 4 atomic % more InN than those grown on sapphire.

Temperature-dependent PL spectra show no ‘S-shaped’ behaviour for GaN/Al,.InN
SQW materials regardless of the types of substrates, well width and lower barrier

thickness. The QW emission energy decreases as the temperature increases due to
band gap shrinkage.
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CHAPTER 7
Optical Properties and Surface Morphology of Aly_,In,N
Epilayers with Various InN Compositions, Epilayer

Thickness and Substrates

7.1  Introduction

The Al,.InN alloys have the ability to cover a wide range of energy gaps from 0.7
to 6.2 eV by varying the InN fraction. In recent years there has been increased
interest in Al;_In,N mainly due to the fact that at InN fraction of around 17 % it can
be lattice-matched to GaN [1-2] and alloy compositions in this range provide a
significantly large energy band gap, for example to act as the barriers in GaN/Al,.
Jn,N heterostructures presented in Chapter 6. There is also the possibility of using
AlInN in lattice matched layers in ultraviolet light emitters, where the absence of
strain should lead to improved crystalline quality and hence improved luminescence
properties. This is especially pertinent with the increasing availability of bulk GaN
substrates. However, Al In,N is much less studied than the other Ill-nitride
compounds. This can be essentially ascribed to growth related issues leading to poor
material quality. Indeed, the growth of Al,.,In,N material is made difficult due to the
large mismatch existing between InN and AIN covalent bonds, which leads to phase
separation and composition inhomogeneities. In addition, the large difference in the
growth temperature between AIN (1100 °C) and InN (600 °C) for layers grown by
metal-organic chemical vapour deposition makes it difficult to incorporate In atoms

in the alloy and crystal quality worsens as the InN fraction increases.

Accurate values of the band gap for a wide composition range of Al,.,In,N alloys are
desirable in order to attain a better understanding of their optical properties and their
suitability for inclusion in devices. Experimental values of the band gap of Al;.,In,N
lattice-matched to GaN, reported in the literature, are spread from 2.5 to 4.4 eV |1, 3-
7]. Early reports measured extremely low band gaps, even lower than that of GaN at
the lattice-matched concentration [8-9]. It is important to note that these samples
were polycrystalline and at least those of Yamaguchi et. al. [9] had a high electron
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concentration which they believed to have modified the band gap [6]. More recent
results give higher band gap values but there still remained a considerable spread of
values and no consensus on the bowing parameter. Recent experimental works
performed on Alj,InN samples having a wide range of InN content, and using the
updated band gap value of 0.7 eV for InN, led to bowing parameter values typically
between 3.0 to 6.2 eV [3, 10-13]. These uncertainties could be attributed to large
differences in the sample structure and the influence of strain, defects and
fluctuations in InN content [13]. It is most often assumed that the bowing parameter
is independent of alloy composition. However Iliopoulos etr. al. [14] recently

suggested that the Al;.In,N bowing parameter is strongly dependent on composition.

There are even fewer reports on the luminescence of Al,.InN than on the band gap
values. Broad PL was observed from 1.6 to 2.8 ¢V with InN fraction (x) varies from
0.6 to 0.14 by Yamaguchi et. al. [6]; 2 to 3.7 eV with x from 0.47 to 0.07 by Onuma
et. al. [3]; and 3.5 to 4.2 eV with x from 0.19 to 0.11 by Carlin et. al. [1]. The
emission energies from Carlin et. al. are higher than the GaN band gap but scatter is
observed even for samples with nominally same InN fraction. Such scattering may
possibly be due to the fact that these data are from the early work, or from
uncertainty in the InN measurement and/or different epilayer thicknesses. For thick
samples (> 0.5 pm), they observed another intense broad PL emission at around 2.6
to 3 eV. This broad PL peak could be attributed to the defects that develop with
increasing Al;,In,N thickness. Carlin et. al. demonstrated that the full-width-half
maximum (FWHM) x-ray diffraction (XRD) peak increases with layer thickness,
indicating the Al In,N quality degrades as the thickness increases. It seems that
there is an onset of the degradation of the crystal quality at a certain thickness.

This chapter presents the composition and optical study of Al;.,In,N epilayers with a
range of InN molar fractions between 0.08 and 0.191. The optical emission and
absorption have been studied using photoluminescence (PL) and PL excitation (PLE)
spectroscopy, and values for the band gap and the Stokes’ shift have been obtained

for Aly.;In,N samples in this composition range. The effects of layer thickness and
substrates on the optical properties and surface morphology are also considered.
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7.2  Specific Samples and Experimental Details

The Al;,InN epilayers used in this work were grown by metal-organic chemical
vapour deposition (MOCVD). Sample growth was performed by a range of internal
and external collaborators: (i) “Strathclyde series” by Dr. lan Watson at the Institute
of Photonics from University of Strathclyde, (ii) “Cambridge series” by Thomas
Sadler, Dr. Menno Kappers and Dr. Rachel Oliver at the Department of Materials
Science and Metallurgy from University of Cambridge, and (iii) “CRHEA series” by
Dr. David Schenk at CRHEA-CNRS, Valbonne, France. Trimethylaluminium
(TMALI), trimethylindium (TMIn), trimethylgallium (TMGa) and ammonia (NH3)
were used as precursors for Al, In, Ga and N respectively. The substrates used were

either c-plane sapphire or commercial Al;Ga;,N templates with AIN fraction (y)
ranging up to 23.4 %.

Each run began with the growth of a low temperature GaN nucleation layer followed
by the growth of a few pm thick (1 to 1.5 pm for “Strathclyde series”; 6 pm for
“Cambridge series”; 2.3 to 4.3 pm for “CRHEA series™) GaN buffer layer except for
the samples grown on Al,Ga,.,N templates. Figure 7.1 shows the schematic structure

of the Al;In,N epilayers on c-plane sapphire substrate.

..............................................
..................................

n-i-d GaN buffer

Nucleation

Substrate layer

(c-plane sapphire)
A

Figure 7.1  Schematic diagram of Al InN epilayer sample on c-plane

sapphire substrate (not to scale). ‘n-i-d’ stands for non-intentional doped.

For samples on Al,Ga;,N templates, the Al In,N layers were grown directly onto
the template. The motivations are to shift the lattice match point in achieving higher
bandgap as well as to see how the lattice parameters of different templates will affect
the composition and quality of the Al,,InN. A pre-growth heating step in an
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ammonia/hydrogen ambient was followed by a cool down to the Al.,In,N growth

temperature, and this exact sequence of steps is specific to the growths with

AlyGa;, N templates. The purpose of this step is to remove surface oxides from the

Al Ga;yN, but using too high a temperature would degrade the semiconductor

surface. The setpoint temperatures in the recent runs studied in this work were 1000

and 1070 °C. Table 7.1 summarises the growth temperature, nominal thickness and

substrates for all series of Al;.,InN epilayer samples studied in this work.

Table 7.1

Growth temperature, nominal thickness and substrate for

Aly_In,N epilayers. * and * indicate the AIN fraction of the AlL,Ga,N templates
obtained by RBS and given by the manufacturer [15] respectively.

Sample ID Growth Nominal Pre-heating Substrate
Temperature | Thickness | Temperature
(0 (nm) CO)
A) “Strathclyde series”
STRS508 830 150 Polished sapphire
STR514 810 70
STRS03 800 120
STR504 830 120 nil Non-polished
STR517 780 35 sapphire
STR513 780 70
STRS516 780 140
STR518 780 200
STR520B 790 100 1000 Alg23Gag 77N
STR520D 790 100 1000 GaN
STR523B 790 100 1070 GaN
STR523D 790 100 1070 Alg1Gag9N”
STRS528A 790 100 1070 GaN
STR528B 790 100 1070 AlgsGaggsN*
STR528C 790 100 1070 Alg04GagosN*
STRS528D 790 100 1070 Alg23Gag17N*
B) “Cambridge series”
C3044 820 100
C3047 810 100 nil Non-polished
C3041 800 100 sapphire
C3051 790 100
C) “CRHEA series”
T1353 790 60
T1363 810 60 nil Non-polished
T1364 810 60 sapphire
T1365 810 60
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In combination, the “Strathclyde series”, “Cambridge series” and “CRHEA series”
allow study of a wide composition range of Al In,N alloys. In addition, the
“Strathclyde” series contains samples whose growth conditions differ only either in
the epilayer thickness, or in the choices of substrates. It is worth mentioning that
STR528(A,B,C,D) were grown in the same run on their individual quarter-wafer
Al,Ga;,N templates. A similar method was also applied to STR520 and STR523
runs. Hence, studies of these samples provide accurate information on the influence

of the substrates on the optical, structural, compositional and surface properties.

PL and PLE measurements were performed at a low temperature in a closed-cycle
helium cryostat. A 1000 W short arc xenon lamp combined with a 0.25 m focal
length monochromator, as described in Chapter 4, was used as the excitation source.
In all of the PL and PLE measurements using the Xe-lamp, the excitation area on the
sample was about 2 x 5 mm?. The sample surface quality was checked by SEM at a
beam energy of S keV, whereas the crystal quality and compositions were assayed by
RBS. In this work, RBS was chosen over WDX for the composition measurement.
This is because the epilayer thicknesses of some samples are very much less than the
probing depth of the electron beam at a beam energy of 5 keV which has been
estimated to be = 120 nm using Monte Carlo simulation as mentioned in Chapter 4.

This will result in a large penetration into the underlying GaN buffer layer and give
high inaccuracies in the ratio of In/Al content if using WDX technique.

7.3  Experimental Results and Discussion

7.3.1 Composition and Crystalline Quality

The RBS measurements were conducted by Dr. Katharina Lorenz together with her
PhD student Sérgio Magalhdes at the Instituto Tecnologico e Nuclea (ITN),
Sacavém, Portugal. The measurements were performed with a 1 mm diameter beam
of 2 MeV He" ions using silicon surface barrier detectors. The composition and layer
thickness values from an RBS spectrum are obtained through fitting using a
simulation program. In contrast, the Y, parameter is measured from the data as the
ratio of the backscattered yield in an aligned (or channelled) spectrum to that in a

random spectrum. It is used as a measure of the crystalline quality. Low values of
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¥min correspond to good crystalline quality and high values correspond to relatively
bad crystalline quality. A value of 100 % corresponds to complete amorphisation.
State of the art values of ymin for GaN are around 2 % [16]. Figure 7.2(a) and 7.2(b)
show the random and <0001>-aligned RBS/C spectra measured from “Strathclyde
series” samples STR504 and STRS513 respectively. It is observed from these figures
that the channelled spectrum shows much lower backscattering yield than that of the
random spectrum. The channelled spectrum of STR504 has a higher backscattering
yield than that of STRS513. This indicates that the former has poorer crystalline

quality as compared to the latter.
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Figure 7.2 RBS/C random and <0001>-aligned spectra taken with a 2 MeV
He" beam for (a) STR504 and (b) STR513 respectively. The x-axis ‘Channel’ is

directly proportional to the energy of the backscattered ions.

The InN molar fractions, layer thickness and ymin parameters derived from the RBS/C

spectra are summarised in Table 7.2. The fractional errors for InN molar fraction
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epilayer thickness and ymin parameters are + 5 %, £ 5 % and + 10 %, respectively.
The error for InN molar fraction and thickness are based on the information given in

Dr. Lorenz’s paper 2] and for ymin is from the RBS/C graphs. It is important to

mention that these errors are based on the worst situation.

Table 7.2 InN molar fraction, ymi, and thickness of Al;.,In,N epilayers
determined by RBS at ITN, Portugal.

Sample ID | InN Molar Fraction | Thickness (nm) | %min (%0)
A) “Strathclyde series”
STR503 0.161 164 3.0
STR504 0.108 152 8.0
STRS508 0.133 162 5.0
STRS514 0.116 72 3.0
STRS17 0.136 37 3.4
STRS513 0.158 73 3.0
STR516 0.141 139 3.7
STR518 0.143 211 4.9
STR520B 0.086 93 16.4
STRS520D 0.141 93 3.9
STRS523B 0.120 98 2.6
STR523D 0.093 98 13.7
STRS528A 0.191 114 6.2
STR528B 0.132 102 39.3
STR528C 0.156 104 11.1
STR528D 0.136 101 7.5
B) “Cambridge series”
C3044 0.082 85 4.0
C3047 0.099 86 4.2
C3041 0.115 91 6.2
C3051 0.145 93 3.3
C) “CRHEA series”
T1353 0.134 50 4.9
T1363 0.132 48 38
T1364 0.167 65 4.0
T1365 0.170 70 4.1

Low chi-min (xmin) values of 3 to 4 % (see above table) for In reveal relatively good
single crystalline quality, although they are slightly higher than for the GaN buffer
layer (2 %). Minimum Y¥m;, values of 3 % are obtained in samples STR503, STR513
and C3051. This is because the compositions of the Al;.,In,N in these samples are
closest to that lattice-matched with GaN buffer layer. However, it is noted that
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STRS514 has equally low ymin although its InN molar fraction differs significantly
from the lattice-matched molar fraction of 0.17. There are other samples with
relatively high ymin values from 5 %, indicating the qualities of these samples are

poorer. This is especially true for those grown on Al,Ga;,N templates.

7.3.2 Luminescence and Surface Morphology

The PL and PLE spectroscopic study of the series of Al;.,In,N epilayers listed in
Table 7.1 will be discussed in this section. SEM images will also be presented along
the way together with the ymin values in order to give a fuller picture of these
materials under investigation. Several factors affecting the luminescence and surface

quality are studied. They are the effects of InN compositions, Al,,InN layer
thickness and different substrates.

7.3.2.1 Effect of InN Composition

° Low Temperature PL Spectra

The low temperature (= 20 K) PL spectra of the Al;.,In,N epilayers from the
“Strathclyde series”, “Cambridge series” and “CRHEA series”, excited by the Xe-
lamp are shown in Figure 7.3 to 7.5, respectively. It is observed that there are two

important PL features in each spectrum: a sharp and strong peak at 356 nm, which is
attributed to the band-edge emission from the GaN buffer layer; and a broad

emission band on the higher energy side. Although high absorption of exciting light
in Al In,N epilayers at high excitation energy is expected, the GaN buffer layers
have also been excited either by the light penetrating the ternary or by the diffused
excess carriers. The broad emission bands at higher energy are observed to show a
red-shift from =~ 297.5 nm (4.17 eV) to 341.4 nm (3.63 eV) as the InN molar fraction

increases from 0.082 to 0.170. They are attributed to intrinsic emission from the
Al In,N epilayers.

It is also noted that the high energy emission bands of samples STR508, STR516,
STRS517 and C3041 display double structures with maxima at: =~ 315 and 330 nm;
318 and 333 nm; 320 and 335 nm; 315 and 330 nm, respectively. The presence of the
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double structures suggests the existence of regions with different alloy composition
[17]. In addition, a shoulder at around 345 nm is observed clearly on samples
STR504 and C3044 only. These samples have low InN molar fraction of 0.082 and
0.099 respectively. Also, there are multiple PL features appearing at the lower energy
side of GaN. There are broad emission bands as the background on which the sharp
emission lines at around 365 nm (3.40 eV), 380 nm (3.26 ¢V), 391 nm (3.17 ¢V),
and 402 nm (3.08 eV) are superimposed. These sharp lines do not shift as the InN
fraction varies. The PLE spectra detected at these sharp lines confirm they are due to
GaN. These lines are attributed to the GaN-related defect (3.40 eV), donor-acceptor-
pair (DAP) transition (3.26 eV) and its LO-DAP replicas (3.17 and 3.08 eV) with an

energy separation of 90 meV.
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——— STR514(x=0.116)
Y —— STR508 (x=0.133)
1 —— STR517 (x=0.136)
——STR516 (x=0.141)
l——8TR518 (x=0.143)
| ——sTR513 (x=0.158)
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Figure 7.3 Low temperature PL spectra of “Strathclyde series” Al InN

epilayers with InN molar fraction (x) from 0.108 to 0.161 excited by the Xe-lamp
at 280 nm except STR504 and STR514 at 265 nm. The arrows indicate the

Al In.N emission peak positions.
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Low temperature PL spectra of “Cambridge series” Al InN

epilayers with InN molar fraction (x) from 0.082 to 0.145 excited by the Xe-lamp
at 250 nm (C3044, C3047), 265 nm (C3041) and 280 nm (C3051). The arrows

indicate the Al In\N emission peak positions.
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Low temperature PL spectra of “CRHEA series” Al InN

epilayers with InN molar fraction (x) from 0.15 to 0.187 excited by the Xe-lamp

at 280 nm except T1363 at 265nm. The arrows indicate the Al

peak positions.

In,N emission
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Figure 7.6 plots the energies of the Al In.N luminescence peak in the PL spectra
from the epilayers studied in this work as a function of InN fraction. The emission
energy displays a linear dependence on the InN fraction in the studied composition
range. The emission energy decreases lincarly from =~ 4.2 to 3.6 eV as InN fraction
increases from 0.082 to 0.170. Figure 7.6 also compares the current work with the
previous work by Dr. Michael K. Wang, a colleague from my research group [12]
and literature data from Carlin er. al. [1]. Similar linear behaviour is observed in

Wang's work whereas the data from Carlin er. al. shows a greater degree of scatter.
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Figure 7.6 Luminescence emissions of Al In,N epilayers as a function of

InN molar fraction using PL spectroscopy. Filled symbols are current work.
Open symbols are literature data from Wang et. al. [12] and Carlin et. al. |1].

‘LT’ and ‘RT’ stand for low temperature and room temperature respectively.

. Low Temperature PL Excitation (PLE)
Low temperature PLE spectra excited by the Xe-lamp and detected at the Al In,
emission peak from each of the series of samples are shown in Figure 7.7 to 7.9. The

PLE spectra were acquired by fixing the detection wavelength at the maximum of the
respective PL emission bands. As for those samples with double structures and

shoulder in the high energy band as mentioned earlier in PL section, PLE was also
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performed at different positions of their emission bands. All PLE spectra have been
corrected for the combined throughput of the Xe-lamp and the detection
monochromator. A clear absorption edge can be seen in each of the PLE spectra and
is attributed to the band gap absorption in the Al,,In,N layer. The absorption edge
revealed by PLE also displays a red-shift as the InN fraction increases. Each of the
PLE spectra has been cut off on the low energy side at the point where the PLE

intensity rises again towards the detection emission energy.
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Figure 7.7 Normalised corrected PLE spectra of “Strathclyde series”

AlIn,N epilayers with InN molar fraction (x) varying from 0.108 to 0.161,

measured using the Xe-lamp.
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Figure 7.8 Normalised corrected PLE spectra of “Cambridge series”

Al InN epilayers with InN fraction (x) varying from 0.082 to 0.145, measured
using the Xe-lamp.
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Figure 7.9  Normalised corrected PLE spectra of “CRHEA series” Al JIn,N

epilayers with InN fraction (x) varying from 0.134 to 0.170, measured using the
Xe-lamp.
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The positions of the absorption peaks give an estimate of the band gap of the
samples. An effective energy gap can be evaluated by fitting the low energy side of
the PLE spectrum to a sigmoidal function as performed earlier for In.Ga;.N

epilayers [18]:

a | (EL,—E) (7.1)
+ exp(——
K AE

where FE, is defined as an effective band gap energy, AE(eV) is a broadening
parameter, ¢y is a constant and E(eV) is the excitation energy at which the intensity «
is recorded. Figure 7.10 illustrates the sigmoidal fitting to a PLE spectrum from
STRS514. Table 7.3 summarises the effective band gap energies, broadening
parameters and the emission energies of Al In,N epilayers in this work. The double
structures and the shoulder of the high energy band in the samples are a reflection of

inhomogeneity of the Al InN layers, as evidenced by the slight variations in the

effective band gap.
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Figure 7.10  Typical representation of sigmoidal fitting to a PLE spectrum. E,

is the effective band gap and Ep, is the emission energy obtained by PL
spectroscopy.
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Table 7.3 Effective band gap energies E,, broadening parameters AE and
emission energies of the set of Al InN layers. The typical error for E, is
+ 0.02 eV and 4E is £ 12 meV but for the two samples marked * the
uncertainties are much greater (+ 0.05 eV (E;) and = 17 meV (4E)).

Sample ID | InN Molar Effective Broadening Emission
fraction Bandgap E, Parameter AE Energy
(V) (meV) (eV)
A) “Strathclyde series”

STRS504* 0.108 4.51 70 4.09
STR514 0.116 4.44 70 4.01
STRS508 0.133 4.29 81 3.94
STRS517 0.136 4.25 55 3.87
STRS516 0.141 4.20 86 3.79
STRS18 0.143 4.17 82 3.71
STR513 0.158 4.15 80 3.71

STR503* 0.161 4.09 75 3.67

B) “Cambridge series”
C3051 0.145 4.27 88 3.75
C3042 0.115 4.33 90 3.94
C3047 0.099 4.55 100 4.03
C3044 0.082 4.75 122 4.17
C) “CRHEA series”
T1363 0.134 4.22 91 3.76
T1364 0.162 4.14 100 3.70
T1365 0.167 4.11 110 3.65
T1353 0.170 4.07 100 3.63

Figure 7.11 presents the experimental dependence of the estimated band gap of the
Al InN epilayers studied in this work determined by the sigmoidal fitting of the
PLE spectra as a function of InN fraction. The band gap energy is observed to
display a linear dependence on the InN fraction in the restricted composition range
studied. This behaviour is similar to that observed for In,Ga;.,N epilayers and diodes
[18] and the Al;..In;N emission energy shown earlier in Figure 7.6. In the case of the
lattice-matched system, the band gap energy to x = 0.17 yields = 4.1 eV. Figure 7.11
also includes the literature data for comparison. It is observed that the band gap
energies agree reasonably well with Iliopoulos et. al. [14], Wang et. al. [12] and
Carlin et. al. [1] in the similar InN fraction range. However, it is noted that the data
from Carlin obtained by optical reflectance (OR) measurements appear with higher
band gap energy values. This may be related to the fact that Carlin et al.’s samples
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were around 500 nm thick and hence fully relaxed, whereas our samples are probably
under tensile strain. Also, an issue with OR measurements is that the band gap
energy of Al InN is deduced from the high-energy edge of the interference fringes
related to the Al In,N layer [3]. Although some reflectance anomalies at the higher-
energy fringes can be observed in binary materials, this is not the case of alloy
materials due to broad band edge. Hence, there is a tendency of overestimating the
band gap values for Al InN using OR spectrum. The inset shows the complete

energy band gap data of Iliopoulos et. al. from 0.1 <x <0.8.
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Figure 7.11  Dependence of Al,_,In\N band gap energy on InN molar fraction.

Filled symbols are from the current work whereas open symbols are from the
literature [1, 12, 14].

The literature values of the band gap energies for AIN and InN are 6.28 eV [19] and
0.68 eV [20] at low temperature, respectively. Therefore, the band gap (Eg) of

Al InN alloys can be predicted using the following equation:

E,(x)=628(1-x)+0.68x - b.x.(1-x) (7.2)

where b denotes the bowing parameter. It is most often assumed that the bowing

parameter is independent of alloy composition. Figure 7.12 plots the effective energy
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band gap as a function of InN fraction with different values of b. It is interesting to
note that the range of alloy compositions studied experimentally does not allow a
direct determination of the bowing of the band gap. In fact, a strong deviation from

the quadratic approximation is observed. This suggests that the » might vary with the

InN composition.
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Figure 7.12 Band gap energy of Al In,N versus InN molar fraction (x). The

solid lines are the parabolic fit to Ey(x) line using Equation 7.2 with different
bowing parameters b of 9,10, 11, 12, 13 and 14.

To further analyse this problem, the bowing parameter was evaluated at each
measured InN fraction x using Equation 7.2 and is presented in Figure 7.13. It is
observed that the bowing parameter is strongly composition dependent. It decreases
linearly from around 14 to 9 as the InN fraction increases from 0.08 to 0.17 in the
restricted composition studied range. In fact, the independent-to-composition
assumption for the bowing parameter of Al In,N has been questioned by several
research groups [5, 14, 21-22]. Earlier work by Peng et. al. [5] gave a cubic
expression for the energy gap that fitted results spanning the entire range of
compositions. In later years, Vurgaftman et. al. [21] suggested that the bowing
parameter b should be expressed as /6 — 9. Ix (blue line as shown in the inset) but at

this point the InN band gap value was accepted as 1.9 eV. Recently [liopoulos et. al.
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[14] suggested that b is behaving in a rapidly decaying manner, in this case b =
A/(1+A4:x) where A, and 4, are constants (red line as shown in the inset). A strong

composition dependence of the bowing parameter behaviour has also been claimed
for In,Ga,_,N [22-23].
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Figure 7.13 Bowing parameter b as a function of InN fraction. The solid lines

in the inset are from Ref. [21] (blue) and Ref. [14] (red).

In order to better understand the physical origins of the large and composition-
dependent bowing in Aly_In,N and In,Ga,N alloys, M. Ferhat and F. Bechstedt [22]
have decomposed the total bowing parameter b into physically distinct contributions
as follows:

b=b,, +b. + b (7.3)

where byp, bep and bgr account for the volume deformation. different atomic
electronegativities, and structural relaxation, respectively. They observed that: (i) the
volume-deformation term by of In,Ga, N and Al,_In,N alloys is large, particularly
for Al In,N. The importance of by can be correlated to the large mismatch of the
lattice constants of the corresponding binary compounds (= 10 % between GaN and
[nN and = 14 % between AIN and InN). Thus, the by term, i.e., the composition-
induced disorder in the bond lengths, appears to control the large gap bowing in

In,Ga,.N and Al,..In,N alloys; (ii) the charge-transfer contribution bcr due to the
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different electronegativities of the In and 4 (4 = Al or Ga) atoms is considerable for
Al In N alloys but small for In,Ga,,N alloys. Indeed, bcr scales with the
electronegativity mismatch [= 2 % (= 13 %), between In and Ga (In and Al)]: and
(iii) the structural relaxation hgz contribution measures the changes in passing from
the unrelaxed to the relaxed alloy. Considering these contributions, the bowing for
the samples assessed here should be dependent on the microscopic structure
including the defects. This may be the reason why the reported values of bowing
parameters for Al In\N scatter [3, 10-13]. Nevertheless, the discussion of bowing

parameter is still at an early stage and the range of InN fraction studied in this work

is limited.

A plot of the broadening parameter AE versus the emission energy of Al InN
layers studied in this work together with the In,Ga, N epilayers and diodes from

Martin et. al. [18] for comparison is shown in Figure 7.14.
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Figure 7.14  Broadening parameter (4E) of Al, JIn.N epilayers from current
work (filled symbols) and In,Ga, N epilayers and diodes from Martin et. al.

[18] (open symbols) as a function of InN molar fraction.

It is observed that the broadening of Al In,N decreases from ~ 120 to 70 meV with

decreasing InN fraction from 0.17 to 0.13. It seems to fit reasonably well with the
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In,Ga;.,N trend where a rough linear relationship is noted. However, the broadening
data are scatter at low InN range (<0.12). Hence, no distinct trend can be concluded
in this restricted composition range. The broadening parameter is related to the
Urbach tail [18, 24]. The Urbach tail has been previously identified for a large
number of semiconductors and can have a number of originating mechanisms
including the presence of point defects; of extended states at the valence or
conduction bands; disordered structure; excitonic transitions or the presence of

inhomogeneous strain in the semiconductor [25].

7.3.2.1.3 Stokes’ Shift

The energy difference between the luminescence and the absorption in a solid state
system is known as the Stokes’ shift. It can be regarded as a result of the
luminescence from localised states. The excess carriers generated by the exciting
radiation relax non-radiatively to local potential minima through interaction with the
crystal lattice and then form localised excitons. Luminescence occurs when the dwell
time of an exciton in a localised site exceeds its radiative decay time [26]. The
recombination in these localised states results in the luminescence peak energy being

red-shifted from the absorption energy. Thus, a quantitative measure of exciton
localisation can be extracted from the Stokes’ shift [18].

In order to analyse the Stokes’ shift, it is essential to have an accurate description of
the absorption edge that includes the effects of broadening. This is provided by
fitting the rising edge and plateau of the absorption spectra to the sigmoidal formula
as described in Equation 7.1. In practice, then, the Stokes’ shift is estimated by
taking the difference in energy between the effective band gap and the emission peak
energy. A plot of Stokes’ shift as a function of InN molar fraction is presented in

Figure 7.15 for AliInNN epilayers studied in this work, and InGaN epilayers and
diodes from Martin ez. al. [18] for comparison.
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Figure 7.15  Stokes’ shift of Al._In,N epilayers (filled symbols) and InGaN

epilayers and diodes (open circles) from Martin et. al. [18].

It is observed that the Stokes’ shift of Al In,N varies between =~ 350 to 600 meV in
the InN studied range. The Al In,N Stokes’ shifts are seen to be almost two times
larger than those for In,Ga, N with the same InN fraction as illustrated in the figure.
Onuma etr al. [3] reported optical reflectance and PL data over the range
0.07 < x < 0.5 indicating extremely large Stokes” shifts of = 1 to 2 eV and a lattice-
matched band gap of approximately 5 eV. Carlin er al. [1] reported high quality
Al In,N on GaN layers, with compositions near the lattice-match point, with
somewhat smaller Stokes shifts and a lattice-matched band gap of =~ 4.3 e¢V. Such a
large energy difference between band edge and luminescence could be possibly
ascribed to In composition fluctuations or to the presence of deep defects or
impurities acting as preferential recombination centres. All of these lead to a high
degree of exciton localisation. However, the supporting structural evidence and
temperature-resolved PL measurements in MOCVD-grown Al In,N in this work
are so far lacking. In addition, there is no definite trend in the Stokes™ shift as a
function of InN content observed in Al In\N epilayers as shown in Figure 7.15.
Such scattering of data can also be seen in the Carlin er al.’s results. On the other

hand, a clear linear-dependence relationship is observed for In,Ga,.,N materials as
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shown in the figure. It is attributed to an increase in localisation due to increased
disorder. An increase in the Stokes’ shift between emission and absorption has also

been observed in Al,Ga;,N structures [27-28].

A significant consideration is the dependence of in-built electric field strength on
InN content and strain. Lorenz et. al. have obtained an accurate determination of the
strain state of the same set of GaN/Al;—In,N layers by analysing their RBS data [2].
It is reported that the strain changes from tensile to compressive when the InN
content of the layer increases through the matching value (x = 0.171). Consequently,
strain induced piezoelectric field goes to zero at the lattice-match point and changes
its sign from positive to zero and to negative, or vice versa, although the field due to
spontaneous polarisation in GaN/Al,-,In,N remains large [1, 29]. However the strain
state for In,Ga,.,N layers is another story. The compressive strain in InGaN layers
increases with increasing InN content linearly [30-32]. There is no change in the sign
of the strain, and the sign of the piezoelectric field induced by the strain. This
indicates that both the piezoelectric and spontaneous polarisation fields increase with
InN content. As explained in Chapter 2, in the presence of a polarisation-induced
electric field, the shape of the rectangular well has to be replaced by a triangular QW
in which the recombination of the photogenerated electron-hole pairs is red shifted
in energy due to the quantum confined stark effect (QCSE). The increase in the
electric field play a role in explaining why the Stokes’ shift for In,Ga;.,N increases
with increasing InN content whereas the different Stokes’ shifts as a function of InN
content for Al In,N layers close to lattice-matched to GaN could be due to
possibility of removing the piezoelectric fields induced by the strain.

o Surface Morphology

In order to have an accurate analysis of the impact of InN composition on the surface
quality of Al InN samples epilayers of the highly strained “Cambridge series” with
similar layer thickness range of around 90 nm were chosen and studied using SEM.
Figure 7.16 presents the SEM images of “Cambridge series” Al;.In,N samples in

which the InN composition varies from 8.2 to 14.3 % under magnifications of 10,000
(left) and 35,000 (right).
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Magnification: 10,000 (a) C3044 (85nm, 8.2%) Magnification: 35,000
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(b) C3047 (86nm, 9.9%)

(¢) C3041 (91nm, 11.5%)

(d) C3051 (93nm, 14.5%)

Figure 7.16 SEM images of “Cambridge series” Al In,N epilayers for InN

compositions from 8.2 to 14 % with almost same layer thickness of ~ 90 nm.



Nearly smooth surfaces with small pits distributed across the surface are observed in
all samples. Cracks are present in samples with lower InN contents, in this case 8.2
and 9.9 %. As the InN composition increases from 8.2 to 11.5 %, the pit density and
diameter increase before the pit density decreases with further increase of the InN
content to 14.5 %, but there are no cracks on these samples as the pits could intercept
newly-formed cracks before they could run very far towards the surface. This is due
to the strain originating from the lattice mismatch between the epilayer and the
bottom layer. The lattice mismatch can be measured by the misfit parameter, fy,

which is defined as:

aepi - aboﬂom

Jn=——" (7.3)

abouom

where d,,; and aponom are the in-plane lattice parameters a of the Al;..In,N epilayers
and the GaN buffer layer, respectively. The a values used in this study are 3.111 A
for AIN and 3.538 A for InN, as presented in Chapter 2. Table 7.4 lists the
calculated lattice mismatch for the Al In,N samples using Vegard’s law although it

has to be noted that the validity of Vegard’s law in the case of Al,.In,N alloy, has
been recently challenged [2, 33].

Table 7.4 Lattice mismatch for Al In,N epilayers with various InN

compositions and layer thickness were determined by RBS measurement.

Sample ID | InN composition (%) | Thickness (nm) | Lattice mismatch, fi
(%)
C3044 8.2 85 -1.3
C3047 9.9 86 -1.1
C3041 11.5 91 -0.9
C3051 14.5 93 -0.5

Using the combination of RBS and XRD measurements Lorenz et al 2] have
investigated the evolution of the strain state of Al;In,N layers close to lattice-match
with GaN (0.13 < x < 0.20) grown by Dr. Ian Watson in Strathclyde University.
They reported that the strain state of the Al;-In,N films, about 100 nm thick, grown
on GaN buffer layers changes from tensile to compressive with increasing In content

with lattice-matching to GaN occurring at an indium content of 17.1 %. This
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indicates that the strain present in the samples C3044, C3047, C3041 and C3051 is
tensile. The tensile strength becomes smaller as the InN content increases towards
the lattice-matching value as illustrated by the calculated lattice mismatch f,, in Table
7.4. The absolute f,, value becomes smaller from 1.3 to 0.5 % as the InN content
increases from 8.2 to 14.5 %. Misfit strain begins to relax by the introduction of
dislocations, in this case cracks for the highly tensile-strained samples C3044 and
C3047 and increase in the pit diameter for less tensile-strained samples C3041 and

C3051. Also the lower pit density in C3051 as compared to C3041 is because the

lattice mismatch in the former case is smaller.

7.3.2.2 Effect of Al In,N Epilayer Thickness

This section investigates the influence of the layer thickness on the surface quality
and luminescence of Al;_,In,N epilayers. The “Strathclyde series” samples STR513,
STR516, STR517 and STR518 were examined to see the effect of layer thickness
varying by almost 6 times from 37 to 211 nm whilst they have similar InN

compositions of around 14.7 £ 1.1 %. The SEM images of STR513, STR516,
STR517 and STR518 are displayed in Figure 7.17.

It is observed that all the samples are crack-free. The sample with the thinnest layer
thickness of 37 nm in Figure 7.17(a) presents a nearly flat surface with small pits
distributed across the surface. As the thickness increases, the surface quality
worsens. As can be seen in the figure, the sample with a thickness of 139 nm
presents a higher pit density. In addition, some features can be observed around the
pits and the pit diameter becomes bigger. When the thickness is increased to 211 nm,
the pit diameter increases further and the ‘dot’ shape becomes ‘hexagonal-shaped’

with the structures around the pits becoming more prominent as shown in the inset in
Figure 7.17(d).
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Figure 7.17  SEM images of “Strathclyde series” Al,_In,N epilayers for layer



The degradation in the surface quality with increasing layer thickness can be
explained as follows: When an alloy is grown on another one of slightly different
lattice constant, a pseudomorphic layer can be formed if the thickness is thin. In that
case, the misfit between the two crystals is accommodated by a biaxial strain, so that
the in-plane lattice constant remains unchanged; no structural degradation is
observed. If the thickness increases further, the elastic energy accumulated in the
layer becomes so large that the crystal relaxes to its unstrained form. It occurs
through the generation of pits and/or dislocations, resulting in a structural
degradation. The structural degradation can be also seen by the ymin parameters
determined by RBS measurement as shown in Table 7.5. The ¥min value increases
from 3.4 to 4.9 % as the layer thickness increases from 37 to 211 nm. It is noted that
there is a dip in the ymin at 73 nm thickness. This is more likely due to the InN
composition being closer to the lattice-matched to GaN. It is worth mentioning that
the increment in ¥mi is not significant even though the thickness has increased by
more than 6 times in contrast to that of InN fraction. A comparison of the influence

of thickness and InN fraction on the quality of Al,.,In,N layers will be presented and
discussed in the following subsection. -

Table 7.5 InN composition, thickness and ymin determined by RBS
measurement for STR517, STR513, STR516 and STR518 Al In,N epilayers.

Sample ID Thickness (nm) InN composition (%) Ymin (Y0) |
STRS517 37 13.6 34
STRS13 73 15.8 3.0
STRS16 139 14.1 3.7
STRS18 211 14.3 4.9

Figure 7.18 compares the low temperature PL spectra of STR517, STR513, STR516
and STR518 which were excited by 280 nm Xe-lamp and measured under the same
conditions. It is observed that the Al;In,N emission intensity is higher in the
samples with thicker layers. In addition, thicker samples display double structures.
The increase in the emission intensity arises because more carriers are generated in
the thicker layer as illustrated in the inset using the absorption coefficient of
15 x 10* cm™ estimated for AIN [34]. As for the double structure, it might be related
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to the degradation in the surface quality with increasing layer thickness. Based on the
surface quality obtained from SEM, ymin parameters from RBS and emission
intensity from PL spectra, it seems that there is a competition between the structural

quality and the luminescence intensity when deciding on the optimum thickness.
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Figure 7.18  Low temperature (20 K) PL spectra of STR517, STR513, STR516
and STRS18 with layer thickness ranges from 37 to 211 nm, excited by 280 nm
lamp and measured under the same setup conditions. The layer thickness was
determined by RBS measurement. The inset shows the transmitted power as a

function of distance away from the sample surface.

° Analysis

As discussed in the previous sections, it has found out that the quality of Al In,N
layers depend on InN fraction and layer thickness. In order to determine which of
these factors has the dominant effect over the quality, Ymin 1 used as the indicator.
Figure 7.19 plots the ymin of the AljIn,N samples grown on sapphire substrates
studied in this work as a function of InN fraction and layer thickness. It is observed
that the ymin decreases significantly from around 16 to 3 % as the InN fraction
increases towards the lattice-matched value before it starts to increase with further

increase in InN fraction. However, it is not the case for various layer thicknesses
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where only a slight increase in the g, 1s observed as the thickness increases from 37
to 211 nm. The sharp black lines with high i, as indicated by * are the samples
with low InN contents. Consequently. the InN fraction appears to play a more

important role in affecting the Al InN quality than the layer thickness.
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Figure 7.19  Juin as a function of (a) InN fraction and (b) layer thickness.
* indicates the samples with low InN content. The dashed lines are guides for
the eye indicating the influences of InN fraction and thickness on the quality of
Al In,N.



7.3.2.3 Effect of Substrates

The effects of the substrates, in this case polished versus non-polished c-plane
sapphire and Al,Ga,.,N templates with various Al contents, on the composition and

structural properties and surface morphology of Al;-,InN epilayers will be discussed
and presented.

o Polished vs. non-polished c-plane sapphire substrates

Samples STR504 and STR508 were chosen as they were grown under the same
conditions except for different backside finishes on the sapphire substrates. Table 7.6
summarises their InN molar fraction and yu,, parameters determined by RBS
measurement. It is noted that STR508 with polished sapphire has a higher InN molar
fraction (0.133) than STR504 (0.108) with non-polished sapphire substrate. This
indicates that the polished sapphire substrate had a lower surface temperature than
the non-polished sapphire template, resulting in higher InN incorporation in the
epilayer. The nature of the substrate backside (polished versus non-polished) can
affect the surface temperature by influencing the radiative component of heat flow
from the graphite susceptor underneath the substrate. If all other factors are
equivalent, a non-polished substrate will have a slightly higher surface temperature,
owing to better radiative coupling. However, in practice such effects are difficult to
distinguish from deformation of substrates at the growth temperature (for example
substrate bowing), which affects the nature of the contact with the graphite susceptor.
Nevertheless, the polished substrate sample STR508 also displays better crystalline
quality as evidenced by the lower ymin value in Table 7.6 and crack-free surface from

SEM images presented in Figure 7.20. STR504 has cracks due to the large lattice
mismatch as explained earlier.

Table 7.6 Polished and non-polished sapphire samples and their InN molar
fractions and ynix determined by RBS technique.

Sample Growth InN molar | yuia (%) Substrate
1D Temperature fraction
Y]
STR508 830 0.133 5.0 Polished sapphire
STR504 830 0.108 8.0 Non-polished sapphire
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Figure 7.20 SEM images of (a) STR504 with non-polished sapphire and (b)
STRS08 with polished sapphire substrate taken under magnification of 10,000.

o Al,Gay.,N templates

In this part, two factors will be considered: (i) to determine the suitable pre-growth
heating temperature (7)) and (ii) to study how different template lattice parameters
of ALLGa;,N (0 <y < 0.234) will affect the composition of the Al, . In,N. The
motivation of this work is to shift the lattice-matching point in achieving higher

bandgap. This work is at a preliminary stage and early results are described.

(1) Pre-growth Heating Temperature

As explained in Section 7.2, a pre-growth heating step is needed before growth of

the Al In,N layer on the Al,Ga;,N templates. Table 7.7 compares the
compositional and structural properties of STR520 (Tpre = 1000 °C) and STRS523

(Tpre = 1070 °C) samples as measured by RBS technique. It is observed that in each

growth run, the Al,_,In,N grown on Al,Ga; N is significantly less InN-rich than that

grown on GaN. xni, values are also almost 6 times higher for the Al, In,N layers
grown on AlyGa;,N than those on GaN. There is a modest improvement in Amin
values with the different pre-growth heating condition used in STR523 as compared
to STR520. The Al In,N thickness values are all close to the nominal 100 nm.
Comparison of the RBS minimum channelling yields for STR520 versus STR523
suggests that the higher temperature, in this case 1070 °C, results in slightly better

quality Ali—In,N. Hence, 1070 °C was selected in the next growth run (STR528)
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when studying the influence of different lattice parameters of Al,Ga;,N on the

surface, composition, structural and optical properties of the Al,_,In,N.

Table 7.7 Compositional and structural properties of STR520 and STR523
measured by RBS.

Sample ID | T, (°C) InN molar | ynin (%) | Thickness Substrate
fraction (nm)

STRS520B 1000 0.086 16.4 93 Aly23Gag 7N

STR520D 1000 0.141 3.9 93 GaN

STRS523B 1070 0.120 2.6 08 GaN

STRS523D 1070 0.093 1L7 08 Aly-1Gag 79N

(i1) AlyGa; N templates as a function of Al compositions

A direct comparison of the SEM images from STR528 samples is presented in Figure
1.21.

@ STRSZ8A (GaN) .. . (b) STRS28C (AlnGaissd) = |

Figure 7.21  SEM images of STR528 samples on Al,Ga,N templates with AIN

molar fraction y ranges 0 to 0.23 under magnification of 35,000.
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From the SEM images, it is observed that the surface quality degrades (as monitored
by an increasing pit density), as the Al molar fraction increases. However it is noted
that the pit diameter remains unchanged and all samples are crack-free. In order to
have a clearer idea of the degradation of the Al,_,In,N, the crystalline quality of the
Al_,In\N is examined using RBS technique as summarised in Table 7.8. It is
observed that in each growth run, the Al;—In,N grown on Al,Ga;., N is significantly
less InN-rich than that grown on GaN. ymi, values are higher for the Al;_,In\N layers
grown on Al,Ga,;.,N than those on GaN except for sample STR528D.

Table 7.8 InN molar fraction and yn, parameters of STR528 samples on
Al,Ga,N templates measured by RBS technique.

Sample ID Tye InN molar Xmin Thickness Substrate
(&9) fraction (%) (nm)

STR528A | 1070 0.191 6.2 114 GaN

STR528C | 1070 0.156 11.1 104 Al 04Gag 96N

STRS528B 1070 0.132 39.3 102 Alg,15Gag gsN

STR528D 1070 0.136 1.5 101 Alg23Gao 7N

The low temperature (= 34 K) PL spectra of STR528 samples, excited by 265 nm
Xe-lamp, are compared and shown in Figure 7.22. It is observed that there are: a
strong peak at 356 nm, 345 nm and 331 nm, which is attributed to the band-edge
emission from the GaN, Aly4GagoeN and Alj;5Gag gsN template respectively; and a
broad emission band on the higher energy side. This broad emission band at higher
energy is attributed to intrinsic emission from the Al In,N epilayers. A clear
Al;—In,N emission band for STR528A (GaN template) is seen at 331 nm (3.75 eV).
The Al;—In,N emission band can only be partially seen in STR528C (Al 04Gao9sN
template) and STR528B (Alo.15GaossN template) as it is partially overshadowed by
the strong Al,Ga;,N emission. However there is difficulty in distinguishing the
Al1In,N emission from Al,Ga;,N emission for STR523D (Alg23Gao/N template
with calculated band gap of 3.9 eV (318 nm)). This is possibly due to being
completely overlapped by Al,Ga;.,N emission.

In addition, there are several PL features appearing at the lower energy side of GaN.

It seems that there are broad emission bands as background. The sharp emission lines
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at around 367 nm (3.38 ¢V), 380 nm (3.26 e¢V) and 391 nm (3.17 eV) are added to
this background. The PLE spectra detected at these sharp lines confirm they are due
to GaN. These lines are attributed to the GaN-related-defect (3.38 ¢V), and donor-
acceptor-pair (DAP) transition (3.26 eV) and its LO-DAP replicas (3.17 V).
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Figure 7.22  Low temperature (= 34 K) PL spectra of STR528 samples excited

by 265 nm Xe-lamp.

In order to estimate the band gap of Al;-,In,N, PLE measurements were performed.
Figure 7.23 presents the low temperature corrected PLE spectra of STR528A (GaN
template) and STR528B (Al 15GaggsN template) samples measured at =~ 34 K. The
effective band gap of STR528A is approximately 4.15 eV. The PLE intensity 1s
higher in STR528A than in STRS528B, suggesting that the quality of the latter is

poorer.
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Figure 7.23  Low temperature (= 34 K) corrected PLE spectra of STR528A
and STR528B grown on GaN and Alj,5GaggsN templates respectively. Arrow

indicates the effective energy band gap.

7.4 Summary

In this chapter composition, luminescence and surface morphology of a series of

Al In,N epilayers with a range of InN composition, layer thickness and substrates
have been presented and discussed.

The InN composition and the crystalline quality of the samples were determined
using the RBS technique performed at ITN in Portugal. The data show that the InN
molar fraction varies from 0.082 to 0.191, and the Ymin parameter ranges from 3 to as
high as 39 %, revealing relatively good single crystalline quality for some samples

and poorer for others especially those samples grown on Al,Ga,N templates.

The luminescence of the Al In,N epilayers was studied using PL technique excited
by Xe-lamp at low temperature. Samples were observed to emit Al,_,In,N peak on
the higher energy side of the GaN band gap. [t is observed that the PL peak energies
from Al In,N epilayers were found to red-shift with increasing InN content. The
emission energy decreases linearly from = 4.2 to 3.6 eV as InN fraction increases
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from 0.082 to 0.170. PLE was carried out to determine the band gap energies of the
AlIn,N alloys. By fitting the PLE spectra with the sigmoidal function, one could
obtain the effective band gap energy, E,. It is observed that the E; decreases with InN
fraction. It decreases linearly in the restricted composition studied in this work.
Using the band gap equation, the bowing parameter of Al,,In/N alloy is observed to
depend on the InN composition. It decreases linearly as InN fraction increases in the
restricted studied composition range. By taking the difference between the PL
emission energy and the effective band gap determined from the PLE spectra, one
could obtain the Stokes’ shift. It is observed that the Stokes’ shift varies between 350
to 650 meV, which is higher than the literature data of InGaN and Al,Ga;,N

structures. There is no clear dependence of the Stokes’ shift and InN fraction seen in
this work.

The surface morphology of the Al;In,N epilayers as a function of InN composition
and the layer thickness was investigated using SEM technique. It is observed that
cracks are present in samples with low InN content (< 10 %) whereas the pit density
and diameter increase with increasing InN content. As for the case of increasing
layer thickness, the surface quality and crystal quality worsens with increasing
thickness. However, it is noted that the emission intensity is higher in thicker
samples. This could be because more carriers are generated in thicker layers. Hence,
it seems that there is a competition between the surface quality and emission
intensity when deciding on the optimum thickness. In addition, it is found out that

the InN fraction affects the quality of Al,,In,N more significantly than that of the
layer thickness.

Finally, the effects of the substrates, in this case polished versus non-polished
sapphire, and Al,Ga,,N with various Al contents, on the composition, crystalline
quality and optical properties were studied. It is noted that the polished sapphire has
lower InN content and displays better crystalline quality than the sample with non-
polished sapphire substrate. There is a modest improvement in ¥, values with the
higher pre-growth heating condition (1070 °C) than 1000 °C, suggesting slightly
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better quality. Surface quality degrades and lower PLE intensity is observed as the Al
content in the Al,Ga;,N template increases.
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CHAPTER 8

Conclusions

8.1 Conclusions

This thesis has presented results on the optical, surface and composition properties of
the IlI-nitride ternary alloys In,Ga,..N and Al,.,In,N. The aim of these experiments is
to gain a better understanding of the workings of the nitride system by studying the
effects of different cap thicknesses, well widths, Si doping concentrations in the

barriers, InN compositions, layer thicknesses and substrates.

An introduction to III-nitrides was given in Chapter 1, starting with a brief history
of their development and current applications. Chapter 2 summarised the growth
technique used in the production of nitrides in this work, along with some of the
challenges associated with their growth. The structure of the samples, including their
crystal and energy band structure, together with optical properties including the
carrier localisation, the spontaneous and piezoelectric polarisation fields and the
band-gap tailoring due to heavy doping effects are also outlined. Chapter 3
described the experimental techniques used to obtain the results presented in this
thesis. The main techniques used are photoluminescence (PL) and PL excitation
(PLE) spectroscopy for investigating the optical properties; secondary electron
microscopy (SEM) and atomic force microscopy (AFM) for visualisation of the
surface morphology; and electron probe micro-analysis (EPMA) and Rutherford
backscattering spectroscopy (RBS) to study the compositional properties. The
experimental results and their analyses are presented in chapters 4, 5, 6 and 7.

Chapter 4 studied the optical properties and surface morphology of two series of
In,Ga,,N/GaN single quantum wells (SQWSs) with peak emission wavelengths near
390 and 415 nm as a function of the thickness of GaN cap thickness (ranging from
2.5 to 15 nm). In addition, similar structures with the same cap thickness of 2.5 nm
but different doping are compared to evaluate the effect of surface depletion fields.
Similar trends are seen for both series of samples. Low temperature PL intensity is

observed to decrease by almost 2 times as the cap thickness decreases from 15 to 2.5
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nm. Larger values of PL linewidth are seen for the thinner cap samples compared to
those with a thick cap of 15 nm. The relative strength of the LO-phonon satellites,
manifested by Huang-Rhys parameters Sp and S}, is found to have a clear dependence
on the cap thickness. Sy decreases as the cap thickness increases from 2.5 to 15 nm.
At the same time S gives an insignificant change and remains at all times larger than
So. In order to explain the optical dependence on the cap thickness, several factors
are considered here: (i) change in density of excess carriers excited within the wells;
(ii) surface depletion field; (iii) intense built-in electric field; and (iv) additional
localisation of the excitons. The latter is believed to be the dominant factor. SEM and
AFM techniques are performed to study the surface roughness of these samples. Pits
on the sample surfaces are revealed and the pit density is estimated to increase from
2.4 to0 3.3 x 10° cm™ as the cap thickness decreases from 15 to 2.5 nm. The root-
mean-square (RMS) surface roughness is found to increase from 0.96 to 1.58 nm as
the cap thickness decreases. In addition, temperature-dependent PL spectra are
carried out and ‘S-shaped’ peak emission is observed, indicating the presence of
carrier localisation. By analysing the Huang-Rhys parameters, peak energies, surface
morphology and temperature-dependent PL spectra, it is suggested that the amount
of localisation excitons increases as the cap thickness reduced is related to the

increase in the surface roughness, which would go some way to explain the overall
degradation of PL described earlier.

Chapter § studied the influence of Si doping in the barriers of In,Ga,.N/GaN SQWs
on the optical properties using photoluminescence as a function of power and
temperature. The QW PL peak intensity decreases by almost 5 times whereas the
FWHM increases by almost two times as the Si doping concentration increases from
0.05 to 1 x 10" cm™, The PL properties for more heavily doped samples are seen to
be degraded principally due to impurity scattering. The QW transition energy has
reduced by approximately 60 meV with increasing doping. There is no change in the
QW transition peak position as the power density increases by 2 orders of magnitude.
This suggests that the piezoelectric field frequently observed in strained
In,Ga;..N/GaN QWs is suppressed in the samples studied in this work. The red-shift
in the QW transition energy is attributed to band gap renormalisation with a
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coefficient of - 42 x 10° meVem. For the heavier doped sample, a shoulder
appearing at the lower energy emission of the QW is observed. It becomes more
prominent as the doping and/or temperature increases. It is believed that the lower
energy emission could be related to Si-related defects where the carriers trapped in
such defects may get thermally activated at high temperature, achieving sufficient
energy to escape and recombine radiatively. From the temperature-dependence PL

spectra, it is shown that the heavy doping has reduced the carrier localisation in these

structures.

Chapter 6 presented the low temperature and room temperature photoluminescence
spectra of near-lattice-matched GaN/Al;In,N single quantum well structures grown
on sapphire and FS-GaN substrates as a function of GaN well width (ranging from
1.5 to 4 nm), excitation power density and excitation wavelength. The QW peak
energy decreases as the well width increases. This is a manifestation of QCSE
resulting mainly from intense spontaneous polarization fields, which persists even in
the absence of strain in the QW layer. The in-built electric field is estimated to be
2.6+0.5 MV/cm using the gradient of emission energy as a function of well width
and single particle calculations of the confined energy levels. Also, the dependencies

of the QW energy on the excitation power reveal the effects of carrier screening of
the built-in electric fields in thicker wells.

The peak energies observed in the samples grown in FS-GaN substrates have shifted
in comparison to the equivalent structure on GaN-on-sapphire: the QW transition
energy blue-shifts whilst the barrier emission red-shifts. These spectral shifts are
attributable to small substrate surface temperature variations resulting from the
difference in the characteristics of sapphire and FS-GaN substrates. The net
temperature difference arises from interplay of the different thermal conductivities,
thickness, planarity and backside finishes of the different substrates. In this work, the
sapphire pieces had non-polished backside as compared to the polished backside for
the FS-GaN where polishing is suggested to increase the effectiveness of radiative
heating of the substrate. In addition, the samples on FS-GaN substrates have 3 to 4
atomic % more InN than those grown on sapphire. Temperature-dependent PL
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spectra show no ‘S-shaped’ behaviour for GaN/Al,,In,N SQW materials regardless
of the types of substrates, well width and lower barrier thickness. The QW emission

energy decreases as the temperature increases due to band gap shrinkage.

Chapter 7 investigated the composition, luminescence and surface morphology of a
series of Al,In,N epilayers with a range of InN compositions, layer thicknesses and
substrates. The InN composition and the crystalline quality of the samples are
determined using RBS technique where the InN molar fraction ranges from 0.082 to
0.191, and the ymin parameter ranges from around 3 to 39 %. The luminescence of the
Al InN epilayers is studied using PL technique excited by Xe-lamp at low
temperature. Samples are observed to emit Al,.In,N peak on the higher energy side
of the GaN band gap. It is observed that the PL peak energies from Al;.In.N
epilayers are found to red-shift with increasing InN content. The emission energy
decreases linearly from =~ 4.2 to 3.6 eV as InN fraction increases from 0.08 to 0.17.
PLE is carried out to determine the band gap energies E, of the Al,.;In,N alloys by
fitting the spectra with the sigmoidal function. It is observed that the E; decreased
with InN fraction and decreases linearly in the restricted composition studied in this
work. The bowing parameter of Al In,N alloy is linearly dependent on the InN
composition studied in this restricted range. By taking the difference between the PL
emission energy and the effective band gap determined from the PLE spectra, one
could obtain the Stokes’ shift. It is observed that the Stokes’ shift varies between 350
to 650 meV, which is higher than in the literature data for In,Ga,..N and Al,Ga, ,N

structures. There is no clear dependence of the Stokes’ shift on the InN fraction seen
in this work.

Surface morphology of the Al In,N epilayers as a function of InN composition and
the layer thickness are investigated using SEM technique. It is observed that cracks
are present in samples with low InN content (< 10 %) whereas the pit density and
diameter increase with increasing InN content. As for the layer thickness case, the
surface quality and crystal quality worsens with increasing thickness. However, it is
noted that the emission intensity is higher in thicker samples. This could be because

more carriers are generated in thicker layers. Hence, it seems that there is a
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competition between the surface quality and emission intensity when deciding on the
optimum thickness. In addition, it is found out that the InN fraction affects the

quality of Al In,N more significantly than that of the layer thickness.

Finally, the effects of the substrates, in this case polished versus non-polished
sapphire, and Al,Ga;,N with various Al contents, on the composition, crystalline
quality and optical properties were studied. It is noted that samples with the polished
sapphire substrates results in layers with lower InN content and displaying better
crystalline quality than the samples on non-polished sapphire substrates. There is a
modest improvement in Ymin values with the higher pre-growth heating condition
(1070 °C) than 1000 °C, suggesting slightly better quality. Surface quality
degradation, decrease in InN content and lower PLE intensity are observed as the Al

content in the Al,Ga,.,N template increases.

8.2  Suggestions for Future Work

In the device engineering field on In,Ga,, N devices, more research is needed in
order to improve the power of LEDs. Ideas like doping the GaN in the barrier layers
in In,Ga;,N/GaN QWs with the hope of improving the luminescence has been tested
in the thesis. However the number of In,Ga,..N/GaN QWs samples doped with Si
was limited. Thus, this could restrict the detailed study of the Si impact on the optical
properties. Hence more samples with various doping concentrations could be a

possible future investigation line. Also, it is also worth studying their electrical
properties.

As for Al;.,In,N, the quality of Alj,In,N epilayers is still the main obstacle for their
wide applications. Although the quality of Al,.,In,N epilayers studied in this thesis
are improved with some samples with chi-min values of 3 to 4 %, it is still very
difficult to achieve good quality for high AIN content samples. An interesting point
could be the fabrication of AljIn,N epilayers with a reasonable quality with high
AIN contents as well as high InN contents in order to test the linearity of some

physical parameters such as bowing parameter measured in this thesis. Also, more
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works on the influences of various templates to shift the lattice-match point and

structures such as multi-quantum wells could be a possible future investigation line.
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