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ABSTRACT

High performance optoelectronic p-i-n devices based on dilute nitride GaAsPN and
InGaP have been fabricated and investigated as promising I11-V semiconductor
materials of choice for space and photovoltaic applications due their large direct
band gaps and superior radiation resistance. However, there are several factors that
can introduce defects in semiconductors, including growth methods, growth
conditions, substrate orientation and structure design. These defects may affect the
semiconductor properties and cause severe degradations in the device performance.
For solar cell applications both impurities and crystalline defects have a detrimental
effect on device efficiency. Hence, identification of the defects created during the
growth of materials and/or processing of these devices is necessary to gain an
insight into the performance of the devices. This work investigated three sets of p-
(i/n/p)-n based solar cell heterostructures and the effects on their electrical, optical
and structural properties of (i) the growth conditions, namely P/Ga flux ratio (5 and
21), and rapid thermal annealing (RTA) of p-GaAso.1Po.eoNo.o1 epilayers grown by
molecular beam epitaxy on n-type GaP substrates, (ii) the GaAs substrate
orientation (exact (100) and 2° off towards (111)B p-type GaAs substrates and
doping of Ino.52Gag.4gP (i-layer is either undoped and n-doped) grown by
metalorganic chemical vapour deposition (MOCVD), and (iii) the GaAs
misorientation angles, namely on-axis (100) semi-insulating GaAs, 2° off, 6° off,
10° off, of p-Ino.s2Gao4sP grown by MOCVD. Several techniques, including
atomic force microscopy, photoluminescence spectroscopy, Raman spectroscopy,

Current-Voltage, Capacitance-Voltage, conventional DLTS, Laplace DLTS and



Solar Simulator were used to study their surface morphology, optical, electrical and
photovoltaic properties. The results showed that (i) the p-GaAso.1Po.8aNo.01 Sample
grown with a flux ratio of 5 exhibits superior electrical properties and lower defect
density compared to the sample grown with a flux ratio of 21, (ii) n-doped
Ino.52Gaop.4sP grown on exact (100) GaAs substrate exhibits better electrical
properties with a lower ideality factor and reduced trap concentrations than the
undoped and n-doped Ino.s2Gao..sP samples grown on exact (100) and 2° off
towards (111)B GaAs substrates, respectively, (iii) the p-Ino.4sGao.s2P sample
grown on exact (100) GaAs substrate demonstrates better electrical and

photovoltaic properties compared to samples grown on misorientated wafers.
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CHAPTER 1: INTRODUCTION

1.1 INTRODUCTION

With the rapid development of societies and the corresponding increase in energy
consumption, coupled with the challenges of industrial development and climate
change, the global community is increasingly recognizing energy demand as one of
the major problems that needs to be addressed. Most sources of electric energy
nowadays have many disadvantages, such as security (nuclear power), finite fossil
fuel reserves (oil, gas, coal), negative environmental impact (hydropower), and so
on. The world community faces a significant challenge in reducing fossil fuel
consumption, particularly by transitioning partially and gradually to renewable
energies. This necessitates major developments in energy infrastructures to support
the integration and widespread adoption of renewable energy sources. Numerous
projects have been undertaken by scientists focusing on harnessing renewable
energy from various sources such as water, wind, biomaterials, and solar radiation.
These initiatives aim to explore and utilize the potential of these resources to
generate sustainable and clean energy for diverse applications. Photovoltaics (PV)
is a clean and powerful way to generate electricity and fulfil most countries'
growing energy demand. PV is one of the most efficient methods of harvesting solar
energy for electricity generation, converting sunlight directly into electricity using
solar cells (SCs). One of the key motives for developing high efficiency solar cells
is to reduce the use of non-renewable energy that has been the main cause of global
warming and has raised serious environmental impacts for future commercial

development of electricity mass production. Furthermore, solar energy stands out



among other renewable alternatives due to its abundance. However, significant
breakthroughs in energy generation from solar power have been somewhat limited
due so far to two main challenges: the high cost associated with solar technologies
and the intermittent nature of solar radiation. Nonetheless, solar energy
technologies are currently experiencing a remarkable rate of growth, and there is a
strong possibility that within the next 40 years, solar energy will emerge as one of
the primary global energy source [1]. Solar radiation includes electromagnetic
radiation spanning a broad spectrum. This spectrum includes various wavelengths,
ranging from ultraviolet (100 nm - 400 nm) to visible light (400 nm - 700 nm) and
infrared radiation (700 nm and above). The solar spectrum consists of significant
wavelengths components, which play crucial roles in various applications of solar
energy on a global scale. These wavelength components have particular
significance in photovoltaic (PV) systems. Figure 1.1 illustrates the spectral
irradiance of solar radiation as a function of photon wavelength. The term
"irradiance”, which refers to the amount of solar radiation that is incident on a
square meter of the Earth's atmosphere or surface, is expressed in units of Watts per

square meter (W/m2).

The solar irradiance before it enters the Earth's atmosphere has a value of
approximately 1,366 W/m?. This value is commonly referred to as Air Mass Zero
(AMO) [2]. When solar radiation passes through the Earth's atmosphere, it is
attenuated by various factors, including the ozone layer (Os), water molecules,
nitrogen molecules, CO2, and dust. By the time the incoming solar radiation reaches
the Earth's surface at sea level, the solar irradiance is reduced to approximately 1000
W/m?, which is identified as air mass 1.5 (AM 1.5) (ASTM G -173 International

standard 1SO 9845-1, 1992) and is the defined standard for terrestrial use [3].
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Figure 1.1: The solar spectral irradiance as a function of photon wavelength [4].
The value of irradiance is also expressed in W/m?/nm, which is a measure of the
flux per nm at the specified wavelength incident normally onto an element of the

surface divided by the area of the surface element in m?.

Up to date, solar cells have been classified into three different generations based on
the types of materials used. These generations represent advancements and
innovations in solar cell technology. The first-generation solar cells are produced
on silicon wafers. The second generation utilises semiconductor thin film
technology, including materials such as amorphous silicon (a-Si), copper indium
gallium selenide (CIGS), polycrystalline silicon, and cadmium telluride (CdTe) as
the basis for these solar cells. The third generation is based on a range of new
materials, such as quantum dots, multi-junction (MJ) solar cells, nanotubes, silicon

nanowires and organic materials [5, 6].



The worldwide research-based different types of PV technologies having the best
power conversion efficiencies from 1975 to 2022 are shown in Figure 1.2. The
highest certified efficiency of 47.6 % for four-junction IlI-V solar cell was
developed by German photovoltaic research institute, namely Fraunhofer Institute

for Solar Energy Systems (ISE) [7].
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Figure 1.2: Chart showing the highest confirmed conversion efficiencies for
research cells for a range of photovoltaic technologies.

(NREL.: https://www.nrel.gov/pv/interactive-cell-efficiency.html)

The first generation of photovoltaics, which is based on silicon wafers, accounted
for 80% of the solar cell market [8] due to their great power efficiency. The
conventional and highly efficient solar cell technology based on single crystalline
silicon has demonstrated notable advancements over the years. In 2004, the reported
efficiency of these cells was 24.7%, which increased to 26.7% in 2022 [9]. The
advantages of these types of solar cells are stability, a longer lifetime, and improved

efficiency. However, one of the key concerns with this generation is the high cost


https://www.nrel.gov/pv/interactive-cell-efficiency.html

of production. Another issue with single crystal silicon solar cell panels is that as

the temperature increases above 25° C, the efficiency of the solar cell decreases [8].

Due to the limitations of efficiency and high cost of first-generation solar cells,
second-generation solar cells were developed. These solar cells are based on thin-
films technology. The most successful materials for second generation are
amorphous Silicon, CIGS, and CdTe [8]. CdTe and CIGS have typically power
conversion efficiency of about 21-23 % under air mass 1.5 global spectrum
(AM1.5G) with an incident irradiance of 1000 W.m2 at 25 °C [10]. In terms of cost-
effectiveness, the second-generation solar PV cells have an advantage, although
they exhibit lower power conversion efficiency compared to crystalline Si-based
solar PV cells. However, despite their potential for mass production, the second-
generation cells still face unresolved challenges and issues in achieving competitive

efficiency levels at a reasonable price [11].

Among all the solar cell technologies mentioned above and beyond, IlI-V
multijunction solar cells which are part of the third generation are the unchallenged
world record holder for high efficiency photovoltaics. State-of-the-art I11-V
multijunction solar cells have achieved a record efficiency of 47.6% as shown in
Figure 1.2. This is the highest conversion efficiency achieved till today by using
multi-junction cells consisting of [1I/V semiconductor materials, such as
GalnP/GaAs/InGaAs). However, third generation solar cells are expensive and

most technologies in this generation are used in space applications.

Dilute 111-V nitride semiconductor alloys have recently gained a lot of interest for
applications in optoelectronics, especially for solar cells [12]. Among these alloys,

GaAsPN alloys which are grown by molecular beam epitaxy (MBE) or



metalorganic vapor phase epitaxy (MOVPE) are very attractive materials for solar
cells due to the high-efficiency multijunction cells and the possibility of lattice
matching with GaP [13]. In general, this material whose component elements have
been substituted by elements of differing size and/or electronegativity [14] is a
highly mismatched alloy (HMA). The electrical and optical properties of GaAsPN
with a small amount of nitrogen require detailed studies before they can be used. It
is also known that increasing N composition causes crystal quality degradation
which may have an impact on the efficiency of future devices. This degradation is
characterised by an increase in nonradiative recombination processes via uniformly

distributed defect states and the formation of a N-related defect level [14].

Gallium Indium phosphide (GaxInixP), which has been widely used in high
efficiency solar cell devices, is a 111-VV compound semiconductor with a bandgap
of 1.9 eV (for x= 0.52) and is lattice-matched to GaAs substrates. InGaP has
superior properties [15, 16] than the well-known AlGaAs alloy, including a lower
surface recombination velocity, a lower density of DX (a deep level associated with
donors in I1I-V semiconductors) recombination centres, a lower affinity to oxygen
(it is simpler to grow high crystal quality InGaP/GaAs heterolayers than
AlGaAs/GaAs ones which are prone to oxidation during epitaxial growth) and a
higher etching selectivity between InGaP/GaAs layers compared to AlGaAs/GaAs

junctions [17].

Defects, which introduce deep levels in the semiconductor’s bandgap, act as
efficient recombination centres and affect device performance. As a result,
significant research efforts have been made to better understand, improve and

control their presence in the materials. Deep level transient spectroscopy (DLTS)



and high resolution Laplace spectroscopy (LDLTS) are powerful techniques for

characterising and identifying deep levels defects [18].

1.2 MOTIVATION

p-i-n devices based on dilute nitride GaAsPN and InGaP are promising for space
and photovoltaic applications due their large direct bandgaps and superior radiation
resistance. However, there are several factors that can introduce defects in
semiconductors, including growth methods, growth conditions, substrate
orientation and structure design. These defects may affect the semiconductor
properties and cause severe degradations in the device performance. For solar cell
applications both impurities and crystalline defects have a detrimental effect on
device efficiency. Therefore, investigating and identifying defects (both deep and
shallow levels within the bandgap) created during the growth of semiconductor
materials and/or processing, are critical for the future of manufacturing devices and
for gaining an insight into their performance. In this regard, DLTS is a powerful
technique to investigate electrically active defects in semiconductor materials and

devices.

The main motivation of this thesis is to investigate the electrically active defects

present in various GaAsPN and InGaP semiconductor based solar cell structures.

GaAsPN has an important impact on developing GaP-based optoelectronics and
multijunction solar cells, but the complex nature of the nitrogen incorporation into
GaAsP is still not fully understood. The control and understanding of the

incorporation of nitrogen during GaAsPN MBE (Molecular Beam Epitaxy) growth



continues to play an important role in GaP crystal growth. Therefore, a study of the
effects of the V(P)/111(Ga) flux on the electrical properties of p-i-n GaAsPN based
solar cell structures grown on n-type GaP substrates by MBE is crucial in order to
improve their properties for solar cell applications. Post-growth treatments, such
as thermal annealing, are well known to reduce the concentration of defects,
annihilate and passivate completely defects. It is therefore important to study the
effect of the thermal annealing on the electrical properties of GaAsPN
heterostructures grown with different flux ratios in order to understand the influence

of the growth conditions.

InGaP, which has a large direct bandgap of 1.9 eV with superior radiation
resistance, has been regarded as a promising material of choice for space and
concentrated photovoltaic applications. However, depending on the growth
conditions and substrate orientation, CuPtB-type ordering can appear in lattice
matched InGaP-on-GaAs layers. Furthermore, localization and delocalization of
carriers may simultaneously exist due antiphase boundaries (APBSs) at the boundary
of ordered domains, which have been shown to produce a pronounced impact on
the electrical and optical properties of materials. This work investigates the effect
of the GaAs substrate orientation ((100) and (100) 2° off towards (111B)) and
doping on the electrically and optically active defects in p-(i/n)-n
GaAs/Ino.4sGaos2P/GaAs solar cell heterostructures grown by metalorganic

chemical vapour deposition (MOCVD).

The efficiencies of GaAs and GalnP 111-VV compound semiconductors based solar
cells continue to improve as material quality and device processing are optimised.
The band gap of GalnP grown lattice matched to GaAs depends on the growth

conditions and substrate misorientation. These changes are the result of the
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spontaneous ordering during the growth of the cation-site elements (Ga and In) in
planes parallel to the (111) and reductions in the bandgap over 100 meV can appear.
InGaP grown using MOCVD technique is known to have a CuPt-type ordering of
alternating In-rich and Ga-rich monolayers, primarily on the (111) and (111)
crystallographic planes. Strain energy minimization is the main driving force for
this ordering in InGaP epitaxial layers, with a large difference in bond length
between the In-P and Ga-P. However, they cause significant changes in the
electronic and optical properties, such as bandgap narrowing. It is well-known that
the degree of CuPt-type atomic ordering is dependent on substrate’s misorientation,
and the change of degree of ordering of CuPt leads to corresponding changes in
lattice constant. For example, the reported poor electrical quality of highly ordered
GalnP solar cells, which were grown on 6° misoriented towards (111)B GaAs
substrates, was attributed to traps introduced by the ordered/disordered domains
matrix or growth native defects [19]. Therefore, studying the defects caused by
substrate misorientation angles can provide useful information for fabricating high
performance devices. In this work, the influence of substrate misorientation on the
surface morphology, optical, electrical and photovoltaic properties of p-type InGaP-
based solar cells grown by MOCVD on (100) GaAs substrates misoriented by 6s=

0° (exact), 2°, 6°, and 10° towards (111)A are thoroughly investigated.

Several techniques, including atomic force microscopy (AFM), photoluminescence
(PL) spectroscopy, Raman spectroscopy Current-Voltage (I-V), Capacitance-
Voltage (C-V), conventional DLTS, Laplace DLTS (LDLTS) and Solar Simulator
were used to study the surface morphology, optical, electrical and photovoltaic
properties of: (i) as-grown and annealed p-i-n GaAsPN solar cells grown by MBE

with different V(P)/111(Ga) flux ratios, (ii) n-doped and undoped InGaP solar cells



grown by MOCVD on p-GaAs substrates with different orientations, namely exact
(100) and 2° off towards (111)B, (iii) p-InGaP solar cells grown by MOCVD on
misoriented GaAs substrates, namely (100) exact, 2° off, 6° off and 10° off towards

(11D)A.

1.3 SCHEME OF THE THESIS

The structure of this thesis is as follows:

Chapter 1: contains an introduction of semiconductor materials and structures

investigated and the motivations of the thesis.

Chapter 2: gives a description of the basic concepts of semiconductors, crystal
structure and the principles of heterostructure devices. The properties of GaAs,
GaAsN, GaAsPN and InGaP materials and the working principle of photovoltaic

solar cell are also covered in this chapter.

Chapter 3: provides information on defects in semiconductors, theoretical
background of carrier Kinetics, and literature survey of defects in GaAs, InGaP,

GaAsN and GaAsPN.

Chapter 4: describes the operating principles of the experimental techniques used
in this thesis including current-voltage (I-V), capacitance-voltage (C-V), DLTS,
Laplace DLTS, photoluminescence spectroscopy, Raman spectroscopy and Solar
Simulator. Furthermore, the hardware and software required to implement these
methods are also discussed. The experimental conditions and setups are also

discussed.
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Chapter 5: discusses the effect of electrically active defects on the electrical
properties of a set of p-GaAsPN solar cell structures grown by Molecular Beam

Epitaxy (MBE) using I-V, C-V, DLTS and Laplace DLTS measurements.

Chapter 6: discusses the effect of the intentional and unintentional doping, namely
n-doped and undoped, on the electrical and optical properties of InGaP solar cell
structures grown on exact (100) and 2° off towards (111)B GaAs substrates by
metalorganic chemical vapour deposition (MOCVD) technique using 1-V, C-V,
DLTS and Laplace DLTS and PL measurements. Furthermore, 1-V characteristics
were analysed and modelled using Silvaco Technology Computer-Aided Design
(TCAD) to understand the transport mechanisms in devices based on InGaP grown
on different GaAs substrates.

Chapter 7: describes the effect of GaAs substrate orientation on the surface
morphology, optical, electrical and photovoltaic properties of p-InGaP based solar
cells grown by MOCVD using AFM, Raman spectroscopy, I-V, C-V, DLTS,
Laplace DLTS and Solar Simulator measurements.

Chapter 8: gives a summary of the research work performed in this thesis and

future work suggestions
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CHAPTER 2: FUNDAMENTAL CONCEPTS OF
SEMICONDUCTORS

This chapter sheds light on the basic properties of semiconductors such as
temperature dependent energy gaps, crystal structures, energy gaps (direct and
indirect energy gaps) and density of states. The chapter also offers insight into
heterostructures and the attributes of lattice mismatch, atom size and
electronegativity and band alignment associated with these heterostructures. It
also highlights the properties of some important 111-V semiconductors, namely
GaAs, InGaP, dilutes GaAsN and GaAsPN. In addition, the working principle of

photovoltaic solar cell are also covered in this chapter.

2.1 SEMICONDUCTORS

Semiconductors have lately gained immense popularity and wide-ranging
applications in contemporary electronics and optoelectronics. Semiconductors
have been found to make up the basic and essential unit of most of the components
found in electronic and optical devices [1]. Good examples of these devices are
computers (memories and CPUs), optical storage media (lasers for CDs and DVDs
players), optical fibre telecommunication (lasers and photo-detectors), high
efficiency solar cells, screens (thin film transistors, LEDs), projection (laser
diodes), LEDs [2] etc. In short, the research on semiconductor materials has

become an attractive topic for fundamental research.

Semiconductors are defined as materials with lower electrical conductivity in
comparison to the good conductor but higher than an insulator. The normal range

of electrical resistivity of a semiconductor is between 102 and 10° Q.cm. There
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are two types of semiconductors including elementary and compound
semiconductors where the former contain a single element as its constituent (e.g.
Si and Ge from group 1V in the periodic table) while the latter contains multiple
elements as its constituents ( belonging for example to groups Il and V, and 11 and
VI of the periodic table). The compound semiconductors with two elements are
referred to as binary compounds. For instance, GaAs and GaP are semiconductor
materials containing two elements each. The semiconductor materials containing

three elements are referred to as ternary compounds such as InGaP and GaAsN.

2.1.1 UNDOPED AND DOPED SEMICONDUCTORS

Semiconductor materials can be classified according to the type of doping they
contain. Undoped semiconductors represent pure forms of semiconductor
materials and are commonly known as intrinsic semiconductors. However, even
intrinsic semiconductors that are deemed as pure forms of semiconductors are not
free from impurities and may contain small amounts of impurities. These
impurities could affect the electrical properties of the material. A pure
semiconductor may also be defined when the number of electrons in the
conduction band is equal to the number of holes in valence band. Moreover, a pure
or intrinsic semiconductor becomes an insulator and does not conduct electrical
charge at zero absolute temperature due to the filled valence band and empty
conduction band. However, if a thermal or photo excitation is applied to the
intrinsic semiconductor, the conductivity will increase.

Doping is the process whereby small amounts of impurities are added in pure
semiconductor materials. When a semiconductor is doped after the addition of

other atoms in the host lattice, it is referred to as extrinsic semiconductor. The
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addition of the dopant material increases the number of electrons or holes leading
to the conversion of a pure semiconductor into an n- or p-type semiconductor. For
instance, if a semiconductor made of pure Si is doped with pentavalent impurity
material (i.e. composed of the element belonging to group V of the periodic table)
such as As, then the four electrons in Si react with five electrons in As leading to
the formation of four bonds and one free electron resulting in an n-type
conductivity. In the same manner, if the semiconductor is made of pure Si is doped
with trivalent impurity material (i.e. composed of the element belonging to group
I11 of the periodic table) such as boron (B), then the four valence electrons in Si
react with three valence electrons in B leading to the formation of three covalent
bonds and one free hole, and therefore leading to a p-type conductivity. Hence,
formation of a p-type semiconductor involves using dopant atoms that result in the

formation of holes.

2.2 CRYSTAL STRUCTURES AND PROPERTIES

Another important attribute that affects the performance of semiconductor devices

Is the crystal structure, which is formed by the atoms arrangement in the crystals.

2.2.1CRYSTAL STRUCTURE

The ideal crystal structure is composed of a unit cell, which includes a set of atoms
arranged in an infinite periodically repetitive arrangement. There are various
forms of crystal structures, but the most common ones are simple cubic (sc), body-
centred cubic (bcc), and face-centred cubic (fcc) as shown in Fig. 2.1. The
fundamental form of crystalline structure is simple cubic lattice with arrangement
of atoms on the corners of a cubic structure (Fig. 2.1 (a)). Another crystalline

structure is the body-centred cubic (bcc) lattice which is only different from the
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simple cubic lattice in that the former also involves arrangement of atoms at the
cube’s centre besides the arrangement of atoms on cube’s corners as shown in Fig.
2.1 (b). Fig. 2.1 (c) shows the face-centred cubic lattice which involves
arrangement of a single atom in the centre of the facets of the cube besides the

arrangement of atoms on each corner of the cube.

(a)

Fig. 2.1: Crystal structures: (a) simple cubic lattice (b) body-centred cubic lattice

and (c) face-centred cubic lattice.

Some crystal structures are more common than others in semiconductor materials
such as diamond crystal structure (Fig. 2.2 (a)) and zinc blende structure (Fig. 2.2
(b)). The atoms in each of these crystal structure types form covalent bonds with
four neighbouring atoms of tetrahedron structure. Consequently, the structure
obtained looks like a couple of overlapping fcc lattices.

All atoms in a diamond structure are similar. On the other hand, two different
kinds of atoms are present in a zinc blende structure. Diamond structures can be
seen in Si, Ge and C elemental semiconductors, whereas zinc blende structures are
evident in GaAs, GaP, and InAs semiconductors composed of elements from

group 111 and group V of the periodic table.
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Fig. 2.2: Illustration of (a) diamond structure for Si where both types of atomic
sites are occupied by Si and (b) zinc blende structure for GaAs where the sites

are occupied by Ga and As atoms; a is the lattice constant [3].

It is essential to have complete information about the orientation of the
semiconductor crystal and the properties of its surface which is necessary for
semiconductor epitaxial growth and fabrication processes. This information about the
arrangement of semiconductor crystal is obtained by using Miller indices. The Miller
index involves the use of three primitive basis vectors a, b, and c. Each of these
vectors indicates the alignment of the crystalline structure along (X, y, and z). Figure
2.3 shows an example of a lattice plane orientation described by Miller indices

(322).
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Fig. 2.3: Illustration of a plane having Miller indices (322)

A crystal structure will remain the same under any translation through a direct
lattice vector (R), which is the sum of these primitive vectors as:
R=pa+qb+rc (2.1)
In the above equation, p, q and r represent integers.
The reciprocal lattice basis vectors (a*, b*, and ¢*) and the primitive vectors

(a, b, and c) are related as follows:

. (bxc)
a'=2n [—a.(bxc) (2.2)
. _ (axc)

b*=2m 2 xS (2.3)
. (axb)

¢ =2m [a.(bxc) (2.4)

In the above equations, a*. a = 2w and a. b* = 0 and so forth.

The denominators in the above equations, which are the same because
a.bxc=b.cxa=c.axb, define the volume that these vectors (a, b, c¢) enclose.

The general reciprocal lattice vector (G) is defined as:

G=ha +kb +lc (2.5)
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where h, k and | represent integers.

Moreover, reciprocal lattice (G) and direct lattice (R) are related as follows:

G - R = 2m X integer (2.6)

2.2.2 ENERGY BANDGAPS

Energy gap or bandgap is an important property in solid-state physics. It indicates
the energy difference between the valence band (VB) and the conduction band
(CB). Itis denoted by Eg as shown in Figure. 2.4. The energy gap of the materials
determines if the material is an insulator, semiconductor or metal. Materials with
extremely high Eg (e.g. Eg > ~6 eV) are named insulators (Figure 2.4 a), materials
with Eg between ~0.17 eV (InSb) and ~ 6 eV (AIN) are classified as
semiconductors (Figure 2.4 b) and materials with Eg ~0 eV are categorised as

metals (Figure 2.4 c).
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Fig. 2.4: Schematic of the energy band diagrams of (a) insulator, (b) intrinsic
semiconductor, (c) metal, (d) n-type semiconductor and (e) p-type semiconductor.

Er and Eg are Fermi level and bandgap, respectively[4].

It is important to note that the Fermi level which is the highest energy level that an

electron can occupy at the absolute zero temperature (0 K). In semiconductors, the
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Fermi level is typically located within the bandgap, which is smaller than the
bandgap of insulators. As the temperature increases, electrons in the valence band
become more easily excited into the conduction band, resulting in electrical
conductivity. In intrinsic semiconductors, the Fermi level is situated in the middle
of the bandgap, as depicted in Figure 2.4 (b). However, doping can alter the
relative position between the Fermi level and the energy bands. In n-type doping,
additional electrons are introduced to the semiconductor, which shifts the Fermi
level towards the conduction band as depicted in Figure 2.4 (d). Conversely, p-
type doping introduces more holes into the semiconductor, thereby shifting the

Fermi level towards the valence band as seen in Figure 2.4(e).

The relationship between energy and wave-vector (E-k) that is used to determine
the nature of the semiconductor’s band gap is shown in Fig. 2.5. The energy of the
minima of the conduction band and the energy of the maxima of the valence band
are expressed in the equation given below. Both these bands show parabolic
shapes at k= ~0 [5].

2,2 2,2
h"k — h™k (2.7)

In the above equation, E. and Ev represent the energy of conduction and valence
bands, respectively. h is Plank’s constant, k is Boltzmann constant, and
my and m, are the effective mass of electrons and holes, respectively. The
electrons lack the energy to jump to upper conduction band when the
temperature is low (~0 K). Consequently, the electrons tend to remain confined in
the valence band. As a result of this, intrinsic semiconductors exhibit insulating

behaviour at very low temperatures [5].
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2.2.3 DIRECT AND INDIRECT ENERGY BANDGAPS

Band gaps in semiconductors can be classified into direct or indirect band gaps. The
direct and indirect band gap depends on the position of the conduction band's
minimum energy and the valence band's maximum energy with respect to the wave
vector (k). In a direct band gap semiconductor, the maximum of the valence band
and the minimum of the conduction band take place at the same value of
momentum, i.e. k=0. However, for an indirect band gap semiconductor, these two
bands take place at different values of momentum. GaAs and Si are examples of
direct and indirect semiconductors, respectively. The E(K) relationship of GaAs and

Si semiconductors is depicted in Fig. 2.5.
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Fig. 2.5. Energy-band structures of (a) Si that has an indirect band gap and (b) GaAs
that has a direct band gap [3]. The full and open circles represent electrons and

holes, respectively.
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2.2.4 TEMPERATURE DEPENDENT ENERGY BANDGAPS

The rise in temperature of a semiconductor leads to a reduction of the energy
bandgap. The basic principle behind this is that an increase in the temperature causes
a rise in the atoms’ thermal vibrational energy as well as amplitude of atomic
vibrations. Consequently, the interatomic spacing increases which causes a
decrease of the potential seen by electrons in the material that results in a reduction
of the energy gap. The relationship between temperature and energy band gap

E,(T) is given by Varshni empirical equation shown below [6]:
aT?
Eq(T) = Eq(0) — - (2.8)

In the above equation, the energy bandgap at 0 K is denoted by E;(0), while the
empirical parameters of the material are denoted by a and . Table 2.1 shows the
empirical parameters for GaAs, GaP, GaPN and GaAsN (N=2.97%).

Table 2.1: Empirical parameters for the bandgap temperature dependency of
GaP, GaAs, GaPN and GaAsN semiconductors.

Parameter | GaP[7] | GaAs[7] |GaPN (N=1.3%) | GaAsN (N=2.97%) [9]
[8]
a (meV/K) 0.5 0.5 0.36 0.61
B (K) 372 220 372 560

2.2.5 DENSITY OF STATES

The total states available at each energy level of a semiconductor represent the
distribution of charge carriers in that semiconductor. Since the solid materials have

closely packed atoms, the electric field of these atoms allow an interaction with
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other atoms leading to splitting of energy levels to form a number of electronic
states [10]. Electrons show a tendency of first occupying lower energy levels if
available. As a result of this, two highest energy bands known as valence and
conduction bands are created, and they are the highest two occupied energy bands
at finite temperature. The density of states is denoted by N(E) and described as the
number of available states for electrons in a semiconductor material at a specific
energy level. Various factors affect N(E) including the confinement of the carriers
and their degree of freedom. The degree of freedom of the carriers depends on the
material structure. Fig. 2.6 (a) shows that for three-dimensional (3D) structures,
N(E) is proportional to square root of energy. Fig. 2.6 (b) shows that in 2D (two-
dimensional) materials N(E) forms a step like function with respect to energy. On the
other hand, for 1D (one-dimensional) and 0D (zero-dimensional) systems N(E) is
proportional to E**2 and is independent of energy (delta function) as illustrated in

Fig. 2.6 (c) and Fig. 2.6 (d), respectively.
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Fig 2.6: Density of states for (a) bulk semiconductor or three-dimensional system
(3D), (b) two-dimensional systems (2D), (c) one-dimensional systems (1D), and

(d) zero-dimensional systems (0D) [3].

2.3 HETEROJUNCTION STRUCTURES

Commonly, homojunction and heterojunction structures are two well-known types
of structures. A homojunction structure involves the combination of layers of same
semiconductor materials with same crystalline structure. Fig. 2.7 (a) shows that

the materials involved in the formation of homojunction structures usually have
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same band gaps with different doping materials. On the other hand, a
heterojunction structure is formed with the combination of layers of two different
semiconductor materials with different crystalline structures and different band

gaps. A heterojunction structure is shown in Fig 2.7 (b).

) \_
N

E
AlGaAs (n-type) GaAs(n-type) '

(b)

Fig. 2.7: Energy band diagram showing (a) a homojunction structure and

(b) a heterojunction structure.

2.3.1 LATTICE MISMATCH

A lattice-matched structure is a structure made up of two layers of different
materials with similar lattice constants (Fig. 2.8 (a)). Conversely, a lattice-
mismatched structure is one that involves two layers of materials with different
lattice constants. The lattice-mismatch is mathematically expressed as follows

[11]:
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A_a _ Qlayer—as
= Saver =ty 2.9)

In the above equation, aiayer denotes the lattice constant of the epilayer while as
denotes the lattice constant of the substrate. Lattice-mismatched structures usually
have defects at the heterojunction interface during the growth process. The defects
are found to increase with increasing lattice-mismatch. Usually, lattice mismatched
systems are attributed with two types of strains including compressive and tensile
strains. The compressive and tensile strains formed in lattice-mismatched
structures are shown in Fig. 2.8 (b) and Fig. 2.8 (c), respectively. Compressive
strain is created when the lattice constant of the grown semiconductor layer is larger
than that of the substrate. Conversely, a tensile strain is formed when the lattice

constant of the substrate is higher than the grown layer.
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(@) No strain (b) Compressive (c) Tensile strain

Fig. 2.8. Schematic illustration of (a) lattice matched structure, (b) compressive
strain (lattice mismatched structure) and (c) tensile strain (lattice mismatched

structure).
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2.3.2 ATOM SIZE AND ELECTRONEGATIVITY

The formation of a heterojunction structure is dependent on various attributes of
its constituent materials like size of the atoms, electronegativity (y), energy band
alignment and lattice matching or mismatching. It is important to note that the
formation of a heterojunction structure with two different materials having
different atom sizes may result in the creation of strain during the growth process.
The electronegativity (denoted by y) is the ability of an atom or molecule to attract
an electron towards itself in order to form a chemical bond. Electronegativity y is
not expressed in any unit but in general it is known as the Pauling scale. Linus
Pauling demonstrated the principle of electronegativity for the first time in 1932
[12]. The Pauling’s theory can be used to evaluate the difference between the
electronegativity of two different materials A and B used in the formation of

heterostructures. The equation for this relationship is given as follows

ED(AA)+ED(BB)]

Xa—XB = [(eV)_Tl] \/ED (AB) — [ > (2.10)

In the above equation, x, and xp represent the electronegativity of materials A and
B, respectively. The dissociation energy between atoms of materials A and B is
denoted by Ep (AB), while E,(AA) and E,(BB) are the dissociation energies
between the atoms AA and BB, respectively. All the dissociation energies are

-1
expressed in units of eV. The factor [(eV)T] is introduced to make the value of

electronegativity unitless.
2.3.3 BAND ALIGNMENTS

The band alignment of both semiconductor materials affects the structure of

heterojunction. There are various types of band alignment, namely, (a) straddled

29



alignment or type-l alignment, (b) staggered alignment or type-Il alignement, ()
broken gap alignment or type-I11 alignment as shown in Fig. 2.9, where material B
has a smaller energy band gap than material A. In such a case, Type-l1 band
alignment is characterised with lower energy of valence band of material B than the
valence band of the higher energy gap material A and lower energy of conduction
band of material B than the conduction band of the other material A. Type- |
alignment is usually seen in InGaAs/InP and AlGaAs/GaAs structures. Type-II
band alignment is characterised with material A having higher conduction band
edge and valence band edge in comparison to band edges of material B. This kind
of alignment can be seen in GaSh/GaAs heterojunctions. Finally, type- 11l band
alignment occurs when the conduction band edge of material B is lower than the
valence band edge of material A. This kind of arrangement is seen in GaSb/InAs

heterostructures.

__________________________ (vacuum
Ka Kp
Ec(4) \L
AE¢ =KX~ Kg Eo(B)
E;(A) [o
¢ $ Eq(B)
—————————— Ey(B)
By (A= |
AEy = Eg(A) - Eg(B) — Ak
(@) Type | (b) Type Il (c) Type II

Fig. 2.9: Types of energy bands alignments in heterojunctions. Ec, Ev and Eg
represent conduction band, valence band, energy gap, respectively. AEc and AEv
represents conduction band and valence band offsets, respectively. K4 and Kp are

electron affinities of materials A and B, respectively.
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R. Anderson put forward the electron affinity rule in 1962 as the introductory
theoretical model [13] for evaluation of preferred band offset to make up a perfect
semiconductor heterostructure. The model suggested that the band offset of
conduction band (AEc) and that of valence band (AEy/) between two materials can
be evaluated on the basis of the difference between electron affinities of both
materials (ka — k) as expressed below:

Ka —AEc—xg =0 (2.11)

AE. = kg —kp and AE, = AE; — Ak (2.12)

2.4. GENERAL PROPERTIES OF SELECTED

SEMICONDUCTOR MATERIALS

This section will discuss the key properties of the semiconductors considered in

this study

2.4.1. GaAs

Gallium arsenide (GaAs) is widely used semiconductor material. It is a compound
composed of elements from group 11l (Ga) and V (As) of the periodic table. The
properties of GaAs were not revealed till the year 1952 despite its discovery in 1920
by Goldschmidt [14]. The energy band diagram of GaAs shown in Fig. 2.10
indicates that it has a direct band gap (minima of the conduction band and maxima
of the valence band occurs at k = 0. Hence, the momentum of electrons does not
change during their transition from the valence band to the conduction band. A

transition from the valence band to the conduction band only requires a change in
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energy. GaAs is, therefore, a potential material for optoelectronic devices due to its

direct bandgap nature compared to indirect bandgap semiconductors such as Si.

Energy
X-valley I-valley
A
' L-valley
Ex=1.90 eV 6
i S ':
/N Ei=171eV
| Eo=1.42 eV :
<100> |, ' 1o <111>
<€ > Wave vector
‘ Heavy holes
Eso=0.34 eV
| Light holes
v

Fig. 2.10: Energy band diagram of GaAs. Eso, Er, EL, and Ex are energies of spin-
orbital splitting, I"-valley, L-valley and of X-valley, respectively.

GaAs has a higher resistivity (~ 108 Q-cm) and less parasitic capacitive effects
than Si (~10? Q-cm) making it the ideal choice as a semi-insulating substrate for
use in high frequency integrated circuits. In addition, the energy bandgap of
GaAs is larger than Si which allows devices made from GaAs to operate at
higher temperatures. Table 2.2 presents the main intrinsic properties of GaAs at

room temperature (300 K).
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Table 2.2. Important properties of intrinsic GaAs at 300K. h, I and mo represent
heavy hole, light hole, and rest mass of an electron, respectively [15].

Parameter GaAs
Crystal Structure Zincblende
Lattice constant (A) 5.6533
Crystal density (g/cm?®) 5.360
Energy band gap (eV) 1.42
Band type Direct
Electron effective mass 0.063mo
Hole effective mass 0.51mg (hn)
0.082mq (In)
Dielectric constant 12.85
(static)
Electron affinity (eV) 4.07

2.4.2. GalnP

Gallium Indium phosphide (GalnP), which belongs to the group 111-V compound
semiconductors, is a high-bandgap semiconductor ranging from 1.344 eV (InP) to
2.24 eV (GaP)]. GawylnyP can be lattice-matched to GaAs and Ge substrates for
specific compositions of Ga (0.51) and In (0.49), and therefore it is an interesting
material for top cells in multi-bandgap tandem solar cell devices [16]. Gag.s51Ino.49P
alloy is a direct band gap with a bandgap energy of 1.9eV. In addition, it is used in
numerous applications such as heterojunction bipolar transistors (HBTS),
photovoltaic solar cells and light emitting diodes [17-19]. However, the GaxIn;—«P
alloys become indirect bandgap semiconductors when the Ga content x > 0.69-0.72
corresponding to a band energy >2.2 eV. Therefore, for example the optical

efficiency of GaxIni—P alloys decreases exponentially near the direct-indirect
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crossover, meaning that these materials are not suitable for light-emitting
applications [20].

Gaz-ylnyP materials with 0.18 <y < 0.30 have a direct bandgap enabling stronger
absorption and higher short-circuit current density [19]. However, the challenge in
growing Gaz-ylInyP (0.18 <y < 0.30) cells is that they are lattice mismatched to low-

cost conventional substrates, as illustrated in Fig.2.11.

As compared with AlGaAs alloy, InGaP has superior properties [21, 22] such as
(i) lower surface recombination velocity, (ii) lower density of DX recombination
centre which is a deep level associated with donors in III-V semiconductors, (iii)
lower affinity to oxygen resulting in the growth of higher crystal quality of
InGaP/GaAs heterolayers than AlGaAs/GaAs ones because AlGaAs layers are
likely to oxidise during epitaxial growth, and (iv) higher etching selectivity between
InGaP/GaAs layers compared to AlGaAs/GaAs junctions [23]. Since InGaP is
lattice matched to GaAs for specific compositions of In and Ga, it is a prospective

candidate for the realisation of two-junctions solar cells [23].
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Fig. 2.11. Bandgap energy versus lattice constant of some Il1-V semiconductors
[24].

34



Table 2.3. Major parameters for the ternary Gao.s1Ino.49P lattice matched to GaAs
at 300K [25].

Bandgap Eg [eV] 1.9
Lattice constant a [A] 5.65
Affinity [eV] 4.16
electron density of states NC [cm~] 1.3x10%°
hole density of states NV [cm~?] 1.28x10%°

2.4.3. DILUTE GaAsN

The decade of 1990 marked the discovery of first ever epitaxial development of
novel semiconductors made from elements from 111-V-N groups of the periodic
table [26, 27]. These materials were named as dilute nitride semiconductor
materials. The materials were attributed with certain unusual physical properties
and were found effective to be used in various technological applications like solar
cells, optical amplifiers, and long wavelength lasers [28, 29].

Semiconductor alloys are created when the isovalent host atom is replaced by
isovalent impurity atoms. Consequently, this leads to weak perturbations in the host
crystal band structure. When the isovalent impurity atoms and the host atoms have
different properties such as atomic radii, electronegativity, etc, the host band
structure can be changed significantly.

For instance, the addition of impurity atoms like phosphorus (P) or Indium (In) to
GaAs leads to replacement of As with P or replacement of Ga with indium In.
Consequently, the band structure of GaAs changes slightly. However, in case of
addition of nitrogen (N) atoms to GaAs, the changes in band structure were found

to be significant since nitrogen atoms form bonds with GaAs to yield GaAsN
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crystal. The bandgap energy reduction of GaAs is dependent on the percentage of
nitrogen incorporated in the host lattice. The energy of the bandgap of GaAs is
reduced by 0.1eV for every percent of N. A large crystal potential is created due
to significant disparity between N atoms and host atoms in terms of their size and
electronegativity [29]. Consequently, the bandgap is reduced due to the formation
of localised states near the conduction band edge that are introduced by the
incorporation of nitrogen atoms. The properties of GaAsN can be comprehended
with the help of the band anti-crossing (BAC) model proposed by Shan et al. [30]

and explained in the following section.

2.4.3.1. THE BAND ANTI-CROSSING (BAC) MODEL

The BAC model gives an insight into the electronic structure of N-alloys on the
basis of the reaction that takes place within the host semiconductor matrix due to
interaction of localised states of nitrogen with extended states of the conduction
band [30, 31]. The conduction band interacts with localized states of nitrogen
atoms and splits into E- and E+ bands. Moreover, there is a decrease in the band
gap. The increase in concentration of N leads to more splitting and more reduction

in the bandgap energy.

The anti-crossing behaviour depicted by the Nitrogen-related state (Ey) and
conduction band edge (Ecg) in GaAs semiconductor is shown in Fig. 2.12. The
nitrogen-related states are localised and hence, these states are attributed with
constant energy throughout the reciprocal space. The dotted lines in Fig. 2.12 show

the En energy state as well as Ecs energy state. The following equation represents
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the energy of the localized N-states and conduction band states on the basis of BAC

model after their interaction:

1
E, = E(EN +Ecp + J (Ey — Ecg)? + 4VCZB'N> (2.13)

In the above equation, V¢s, v represents the coupling parameter which indicates
the extent of interaction of localized N states with extended conduction band

states. The coupling parameter can be mathematically expressed as follows:

1
VCB,N = CN.XE (214)

where X represents the composition of nitrogen in the alloy while Cn represents a

constant with values subject to semiconductor host.
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Fig. 2.12. Schematic diagram of band anti-crossing model of GaAsN.

The BAC model was not found to be an ideally effective model due to mere focus

on interaction of single isovalent impurity level with conduction band edge and
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overlooking the expansion of energy levels and splitting of the extrema of L-
conduction band. Despite these drawbacks, the BAC model is simple and fits various
alloy properties and characteristics, and therefore, it is widely applied in studies

pertaining to dilute nitrides.

2.4.4 DILUTE GaAsNP

GaP is an interesting material with a wide range of applications. The addition of N
and As to GaP (i.e. GaAsNP) lowers its band gap to 1.7 eV [32, 33], converts it
from indirect to a direct bandgap alloy, and allows the lattice-matched epitaxial
growth of GaAsNP epilayers on GaP substrates. It is important to point out that the
lattice constant of GaP is close to the lattice constant of silicon, and therefore it is
also possible to grow GaP and GaAsNP layers on silicon substrates. GaAsPN has
recently attracted much interest from the solar cell research community. This is due
to the high radiative efficiency and the possibility of lattice matching with GaP. In
addition, GaAsPN quaternary alloys are very attractive and promising materials for
multi-junction solar cells [33, 34], light absorbers and electroluminescent devices
[35]. These materials can be grown by molecular beam epitaxy (MBE) and

metalorganic vapor phase epitaxy (MOVPE) [34].

2.5 WORKING PRINCIPLE OF PHOTOVOLTAIC SOLAR
CELL

In a photovoltaic cell or a solar cell, the energy of sunlight is converted directly into
electricity as illustrated in Figure 2.13. The solar cell consists of two regions of
doped semiconductor materials so that one has positive carriers which are holes,
and the other has negative carriers, which are electrons. These two positive and

negative regions are called p-type and n-type layers, respectively. The boundary
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between these two layers is the pn-junction. On the front and back of the solar cells
are metallic contacts. Typically, the back contact of a solar cell is a solid metallic
layer. However, the front contact, to allow light in, often uses a grid of metal fingers

for collecting the carriers.

i

Load

Electron Flow
Front Contact

//p

e Depletion Zone
— P_‘type

™~

Back Contact

Fig. 2.13: Operation principle of a solar cell. An incoming photon is absorbed in the
depletion region with the creation of an electron-hole pair. The internal potential
field forces the electrons towards the front contact. Finally, the electrons return to
the solar cell through the opposite electrode and recombine with the holes,

completing the cycle.

The photovoltaic process is shown in Figure 2.14. When a solar cell absorbs a
photon, there is a possibility that it will energise a carrier. When the energy of a
photon is higher than the bandgap, an electron can be excited from the valence band
to the conduction band of the semiconductor material, resulting in an electron-hole
pair. The difference in energy between the valence band and the conduction band
is called the bandgap. The excited carriers will now traverse the PV (photovoltaic)
junction, moving towards a lower energy state. This occurs as a result of the electric
field that is built up at the pn-junction. Electrons will be collected in the n-region
and holes will be collected in the p-region. The separation of charges, with the

collection of holes in the p-region and electrons in the n-region, results in the
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creation of a voltage difference. This voltage can then drive a current to flow from
one contact to the other in the solar cell. The electrons can then exit the solar cell
through the n-side contact, where they can perform electrical work before returning
to the p-side of the solar cell. Photons with lower energy than the bandgap are
incapable of exciting a carrier across the energy gap. Consequently, these photons

are unable to contribute to the generation of electric energy in the solar cell [36].

Conduction Band

Photon

Electron
P—

Band Gap

Fermi Level

SO0 —>
Hole

Valence band

Metal Contact N-type P-type Metal Contact

Fig 2.14: Schematic energy band diagram of a solar cell. A photon will excite an
electron from the valence band into the conduction band which is normally empty.
The excited electron moves towards the left (n-region) due to the potential change
in the pn-junction. The electron will then travel through the metal contact and load

before recombining with a hole as shown on the right side of the figure.
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CHAPTER 3: DEFECTS IN SEMICONDUCTORS
AND THEIR PROPERTIES

Different defects and their function as trapping and generation recombination
centres will be discussed in this chapter. Deep level defects and theoretical
background of carrier kinetics processes are also described. In addition, a brief
summary of some selected defects in GaAs, InGaP and dilute 111-V nitrides, namely

GaAsN and GaAsPN, semiconductors are presented.

3.1 CLASSIFICATION OF DEFECTS

A periodic arrangement of unit cells beside the crystal orientation forms a perfect
crystal [1, 2]. However, practically various defects are observed including point,
extended and complexes defects, that make the crystal not perfect. In this section,

different types of defects will be covered.

3.1.1 POINT DEFECTS

A zero dimensional defect or a point defect is created when an atom is located in
an irregular place in the lattice structure or it is missing. Different forms such as
vacancy, interstitial, substitutional and antisite impurities are examples for point
defects. If an atom is missing at a certain crystal lattice site in a crystal structure,
then it generally creates a vacancy defect as illustrated in Fig. 3.1 (a). When a
regular lattice site of the host atom is replaced and occupied by a foreign atom
impurity, then a substitutional impurity is formed as shown in Fig. 3.1 (b).

Likewise, when a host atom occupies the site of another host atom, then a special
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type of substitutional defect, namely, an antisite defect is created. Fig.3.1 (c)
illustrates an antisite defect in GaAs semiconductor, where an arsenic (As) site is
occupied by a gallium (Ga) atom [As antisite (Gaas)] and vice versa [Ga antisite
(Asca)]. The fourth kind of a point defect known as an interstitial impurity is
demonstrated in Fig 3.1 (d). This defect is observed when an atom is inserted into
an irregular site in the lattice. If this atom belongs to the host crystal, then it is called
self-interstitial. However, if this atom is a foreign atom, the defect is named foreign-

interstitial.
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Figure 3.1: Illustration of different forms of point defects in crystalline
semiconductors: (a) Vacancy impurity; (b) Substitutional impurity; (c) Antisite
impurity; and (d) Interstitial impurity.
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3.1.2 COMPLEXES OF POINT DEFECTS

Point defects may be bounded to each other, similar to the atoms bound in
molecules. Complex point defects are formed when at least two point defects
interact with each other and create what is known as a pair defect. For instance,
formation of a pair by two interstitials atoms results in the creation of a complex
defect and this is known as split-interstitials defect as illustrated in Fig. 3.2 (a). This
formation is realised either by a pair of two impurity interstitial atoms or by a pair
of two interstitial atoms of the same host material. As shown in Fig. 3.2 (b), several
complexes in a crystalline material can also be formed by vacancy defects.
Especially, when a pair is formed by two vacancies, the resulting complex is called
a Di-vacancy. In addition, when a pair is created by a vacancy and a self-interstitial
atom, then it leads to the creation of a Frenkel defect. When a pair of a vacancy
interacts with a foreign-interstitial impurity, then it results in the formation of a
vacancy-impurity complex. Moreover, a split vacancy is created, when a pair is
formed by two vacancies and interstitial atom. A complex defect known as
impurity-pair is shown in Fig. 3.2 (c). It emerges when an interstitial impurity atom
interacts with a substitutional impurity atom.

Vacancy-Impurity pair  Dj-Vacancy

o—0—0——0—9@

BEASE
T T

Split-Vacancy Frenkel Defect

(a) Spilt-Interstitials (b) Vacancy complexes (¢) Impurity-Pair

Figure 3.2: Hllustration of different forms of complex defects: (a) spilt-interstitials,
(b) vacancy complexes and (c) complexes of impurity-pair.
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3.1.3 LINEAR DEFECTS

When a line of atoms is out of their regular position in the crystal, then linear defects
(dislocations) occur, which are generally one-dimensional defects. The basic types
of linear defects are known as the screw dislocations and edge dislocation. As
demonstrated in Fig. 3.3 (a), an edge dislocation is created by the distortion of
nearby atoms when an extra half plane of atoms is introduced into the regular crystal
lattice. Furthermore, creation of a screw dislocation is observed when one part of

the crystal lattice is shifted in comparison with the other crystal part (see Fig. 3.3

().

@ (b)

Figure 3.3: lllustration of different forms of linear defects: (a) edge dislocations
and (b) screw dislocations.

3.2 DEFECTS AND THEIR CARRIER KINETICS

3.2.1 SHALLOW AND DEEP LEVEL DEFECTS

Within the bandgap of semiconductors, energy levels can be introduced by defects.

Especially, the defects located near the valence band or conduction band as seen in

49



Fig. 3.4 are referred to as shallow level impurities (dopant impurities). These
defects are called shallow acceptor levels if they donate a hole to the valence band
(Ev) and shallow donor levels if they provide an electron to the conduction band
(Ec) [3]. Moreover, these defects are intentionally introduced as dopant atoms.
Shallow level impurities have low ionization energy (<100 meV) and their
ionization can easily occur at room temperature, resulting in an increase of the

electrical conductivity of the semiconductors.

'Ev L 'Ev

(a) (b)

Figure 3.4: Schematic diagram of (a) shallow donor level, and (b) shallow
acceptor level. Ey, Ec and Er represent valence band energy, conduction band

energy and Fermi level, respectively.

As shown in Fig. 3.5, deep level defects have energy states deep within the bandgap
with activation energies greater than 100 meV. These deep level defects are also
known as recombination-generation or trapping centres and they can significantly
affect the optical and electrical properties of semiconductor materials. It is therefore
essential to understand the conduction mechanism that involve these impurities

levels, as will be explained in the next section.
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Fig. 3.5. Schematic diagram of deep level defects in semiconductors. Ep and Ea

represent shallow donor level and acceptor donor level, respectively.

3.2.2 SHOCLEY-READ-HALL THEORY

Deep levels of impurities in semiconductors are often referred to as generation
recombination (G—-R) centers [1, 2]. The occupancy of a deep level is determined
by the emission and capture rates of carriers at equilibrium. In a semiconductor,
electrons and holes recombine in one of two ways. In pure semiconductors, direct
recombination occurs via band-to-band processes, whereas indirect recombination

occurs via deep energy levels existing within the material's bandgap

(@) (b) (©) (d)

Figure 3.6: Schematic diagram of capture and emission processes: (a) capture of

electron (b) emission of electron (c) capture of hole and (d) emission of hole [4].
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Consider a deep-level impurity with energy Et in the forbidden gap and
concentration N that is distributed throughout the semiconductor. First, suppose
the centre captures an electron from the conduction band (Fig. 3.6 (a)); this captured
electron can be identified by its electron capture coefficient (c,). Following this,
the electron can be re-emitted to the conduction band, a process known as electron
emission (e, ), (Figure 3.6 (b)), or a hole from the valence band can be captured by
the centre, a process known as hole capture (c,) (Figure 3.6 (c)). It should be noted
that if either of these two processes happens, a hole will occupy the deep centre,
potentially leading to the following outcomes. As shown in Fig. 3.6 (d), the centre
can emit the hole back to the valence band (hole emission e) or can capture an
electron from the conduction band as depicted in Fig.3.6 (a). It should be noted that
process (d) is sometimes referred to as electron emission from the valence band to
the centre, as shown by the dashed arrow in Fig. 3.6 (d). These four processes are
the only ones that can occur between the conduction band, impurity energy levels,
and valence band.

The process of capturing an electron (Fig. 3.6 (a)) followed by capturing a hole
(Fig. 3.6 (c)) is known as recombination. A generation process occurs when an
electron is emitted to the conduction band (Fig. 3.6 (b)), followed by a hole emitted
to the valence band (Fig. 3.6 (d)). However, a third process known as trapping can
also occur, which is neither generation nor recombination. When an electron is
captured and then emitted back to the conduction band, or a hole is captured and
then emitted back to the valence band, a deep level is called a trap centre. Only the

conduction band or valence band participates in the trapping process with the
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impurity level. In contrast, both the conduction and valence bands, as well as the

impurity level, participate in the recombination or generation processes [4].

A G-R centre can be occupied by either an electron or a hole. When an electron
occupies the centre, it is said to be in a ny state, and when a hole occupies it, it is
said to be in a p state. When the G-R centre is a donor, the nry state is neutral and
the pr state is positively charged. In the case of an acceptor centre, nt is a

negatively charged and p is neutral.

The total density of G-R centers (N) filled by electrons (ny) or holes (p), is given

by [4]:

NT - TlT + pT (31)

The hole density in valence band (p), electron density in the conduction band (n)
and charge states of the centres nt and pr are time dependent when a hole or an
electron is produced by a centre or recombined in a centre. Equation (3.2) gives the

rate of change of n with regard to time [4]:

dn
E lg—r = (b) — (a) = eynr — cynpr (3.2)

where (a) and (b) denote electron capture and emission processes, respectively. The
given equation does not take into account radiative or Auger processes. Here, only
the G-R mechanism is considered. This process depends only on the emission rate
(en) and the electron density (ng) in the G-R center. However, for the electron
capture process to take place, electrons in the conduction band (n) are required.

Likewise the change of holes density with respect to time is given by [4]:
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p
dt lg-r = (d) = (c) = epPr — CppPNir (3.3)

where (c) and (d) are hole capture and hole emission processes, respectively.
It is worth noting that the electron capture coefficient ¢, (or hole capture

coefficient c,) which depends on the thermal velocity of the electron (hole) ( v,)¢n

({ vp)er) and the electron (hole) capture cross section of the G-R centre o», can be
expressed by:

Cn = UtnOn (3.4)

During the capture or emission process, the concentration of the G-R state changes
as a function of time and Equations (3.2) and (3.3) will be used to determine this

rate of change. This is given by [4]:

dn dp dn
d_tT lg—r = FTarT = (Cnn + ep)(NT —nr) — (cpp + en)nT (3.5

anr

As —
dt

= 0 in the steady state, then Equation (3.5) can be rewritten as [4]:

eptcpn

nr = en+cnn+ep+cpp Nr (3.6)

At thermal equilibrium, according to the detail balance principle, the rate of creation

is equal to the rate of absorption in semiconductors. As per this principle, the
following equation can be used [4]:

enNr = Cy NP7 (3.7)
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Using Equation (3.4), if the electron capture coefficient c, is substituted into
Equation (3.7), then this gives:

enNr = VtphOnNPr (38)
Likewise,

€pPr = VUthOpPNr (3.9
The total density of deep levels with respect to Fermi-Dirac distribution, f, is
given by

NT=nT+pT=NTf+NT(1—f) (310)

where f gives the probability of an electron occupying the energy level Er and is

expressed by:

(3.11)

1
F= 1+ exp (ETk;TEF )

where ks is Boltzmann constant, Er is the energy of the Fermi level and T is
temperature.
A combination of Equations (3.10), (3.11) and (3.7) yield the following expression

of e,:

Er — EF)

12
kT (3.12)

én = O-n<vn)thn €xp (

where n is the electron density in conduction band and is given by equation (3.13):

Er — E; E;. — Ep
n=niexp< T )=Ncexp (— T > (3.13)
B
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where n; is known as the intrinsic carrier concentration and is given as:

Ei - Ec)

n; = NCexp( T
B

Combining Equations (3.12) and (3.13) results in the following expression:

E.—Er
en = 0 {Un)en N, €xp (_ kT ) (3.14)
B
. . . . 2mmegkpT 3/2
where N is the density of states in the conduction band, N, = 2( 3 )

1
, (Un)en is the thermal velocity of electrons, (v,); = (3:1—”)2 and m} is the

e
effective mass of electrons.

Likewise, replacing p = N exp (—%) in Equation (3.9) will result in the
B

expression of ey as given below:

ET - Ev)

T (3.15)

ey = 0,{Up)en Ny €Xp (—

where N, is the density of states in the valence band, N, = 2 (M) ,and

h2

my, is the effective mass of holes, (v, )., is the thermal velocity of holes, (v,)¢, =

1
mp
By substituting the values of (v,,)¢, and N, (v, )¢, and N, , in Equations (3.14)

and (3.15), respectively, then one gets the following equations:

E,—E
e, = AT?G, exp (— — T) (3.16)
B
Ey—E
e, = AT?0, exp (— Tk T v) (3.17)
B

where A is a constant given by:
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A=2 (Zﬂmzkg)% (3k3)1/2 _ . YO (ke

h2 = am, h3

*

me

The Arrhenius plot of (i‘—f) Versus (@) yields in a straight line graph. Hence, the

activation energy of the deep level can be extracted from the slope of this plot.

3.3 DEFECTS IN COMPOUND SEMICONDUCTORS

The semiconductors industries have significantly grown due to the rapid use of
semiconductor materials in most modern electronic devices. Producing perfect
crystals is the key obstacle in these industries. In fact, certain defects or
imperfections are associated with all crystals, since foreign atoms can be
incorporated unintentionally and/or there can be missing atoms in the host lattices
or crystal structures [3]. As a result, the performance of devices can be impacted
since defects can affect their optical and electrical properties. Hence, identification
of the defects created during the growth of materials and/or processing of these
devices is necessary to gain an insight into the performance of the devices [4]. A
brief literature review of defects in GaAs, GaAsN, GaAsPN and InGaP materials

are given in the following section.

3.3.1 DEFECTS IN GaAs

Several applications in electronics and optoelectronics devices witness the use of
gallium arsenide (GaAs) compound such as hetero-junction bipolar transistors
(HBTSs), high electron mobility transistors (HEMTSs, laser diode and photovoltaic

(PV) cell applications [5, 6]. Different native defects can be present in this 111-V
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compound semiconductor. During the growth process, defects such as interstitials,
vacancies and antisite are created in the crystal.

The most dominant intrinsic defect in GaAs is the EL2 trap. The activation energy
of this defect ranges from 0.70 eV to 0.85 eV [7] with concentrations of ~ 10 cm
3 and ~ 10* cm in bulk and epitaxially grown materials, respectively [8]. Its origin
is assigned to the isolated Arsenic antisite defect (Asca) [9-11] or complex defect
containing arsenic interstitial and Asca [11, 12]. EL3, another well-known trap in
GaAs with an activation energy of ~ 0.575 eV [13], has been attributed to
complexes of off-centre substitutional oxygen on arsenic sites (0c-Oas) [14].
Another complex defect found in GaAs is EL5 with an activation energy of ~ 0.43
eV involves As interstitials-Ga vacancies (AsiVca) [15]. EL6 is also a common
intrinsic defect in GaAs with an activation energy of ~ 0.35 eV [13]. This complex
defect was associated with arsenic vacancy (Vas) and arsenic antisite defect (Asca)
[16]. Moreover, the EL10 (~0.18eV) [13] intrinsic defect in GaAs was related to an

arsenic vacancy (Vas) complex defect containing an impurity [17, 18].

3.3.2 DEFECTS IN DILUTES NITRIDES: GaAsN

The exclusive attributes of dilute nitrides have made this material significant and
center of attention due to the strong downward bowing of its bandgap when
incorporating a small quantity of nitrogen into the GaAs host lattice [19]. When
incorporating small amounts of nitrogen atoms into the GaAs crystal, it results in a
major perturbation in the electronic band structure. In dilute GaAsN materials, N
atoms substitute As atoms which result in the formation of localised energy states
near the conduction band edge. As a result, the bandgap of GaAs is reduced by ~100

meV/%N [20]. Therefore, this bandgap energy reduction of GaAs influences the
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electrical and optical properties of GaAsN materials [21]. However, the occupation
of N atoms in non-substitutional sites create defects in the lattice of GaAs causing
a degradation of the quality of the crystal by reducing the carrier lifetime and optical
efficiency of the material [22-24]. As described by various studies, different point
defects such as As-antisites, N-interstitials and Ga-vacancies can be associated with
this dilute nitride semiconductor. For instance, from thermodynamic calculations,
the substitutional N, N—N split interstitial, Ga vacancies and As antisites have been
reported by Zhang and Wei [25]. These defects have also been found in GaAsN
materials grown by Molecular Beam Epitaxy (MBE) and Metal-Organic Vapour
Phase Epitaxy (MOVPE) [26]. Fig. 3.7. illustrate these defects. However, according
to T. Ahlgren et al. [27], the increase of N contents in GaAsN will likely increase
the N substitutional concentration. Though, it was reported that the concentration
of N interstitials remained constant (2.3 x 10 cm™3), while the N incorporation
was raised from 0.7% to 3%. They presumed that the optical efficiency of dilute
GaAsN nitride materials could significantly be reduced as a result of these non-

radiative recombination centres.

20 AL A
20 T T

7/ ) - 4 / J s Yy J y
(@) (b) (©

Fig. 3.7. Configurations of nitrogen in GaAsN: (a) substitutional N; (b) N—-N split
interstitial; (c) Ga vacancy and As antisite (after Zhang and Wei [25]).
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Most importantly, the DLTS technique has been adopted by various research groups
to investigate the electrically active defects in GaAsN. For instance, hole traps, such
as HK1 (0.16 eV), HK2 (0.39 eV), HK3 (0.35 eV), HK4 (0.45 — 0.55 eV) and HK5
(0.69 eV) have been reported by P. Krispin et al.[28] in MBE grown p-type GaAsN
samples. It was found that the HK1 trap has the highest concentration at the
interface of GaAsN/GaAs. They also correlated HK2 and HKS5 traps with Gaas (Ga
on As site), which are similar to the traps found in GaAs grown by liquid phase
epitaxy (LPE). The copper and iron impurities from the N cell were linked with
HK3 and HK4 traps, respectively. Moreover, P. Kripsin et al. [29] reported two N-
related electron traps with thermal activation energies of 0.8 eV and 1.1 eV in Si-
doped GaAsN samples and these were associated with (N-N) and (As-N) split
interstitials, respectively. It is worth mentioning that the GaAsN and GalnNAs

structures also have common defects as in GaAs, such as EL2, EL3 and EL6 [30].

3.3.3 DEFECTS IN InGaP

Native defects play an important role in the optoelectronic and electronic properties
of indium gallium phosphide (InGaP) based devices.

Epitaxial InGaP layers generally show intrinsic n-type conductivity [31-33].
Several groups have found an intrinsic deep level in undoped and Si-doped InGaP
[34-36] using DLTS measurements and they suggested that it may be related to a
certain kind of anion vacancy. Other studies have concluded that impurities such as
phosphorous vacancies and related complexes [31] and Si [37] could affect the
electrical properties of GalnP layers. D and E are an example of these deep levels
and they are normally found in unintentionally doped and n-type InGaP [31]. In

particular, the deep level D, with activation energy ranging from 0.31 eV to 0.34
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eV was associated with silicon [38]. While E level with activation energy in the

range 0.51-0.57 eV is believed to originate from phosphorous vacancies [39].

3.3.4 DEFECTS IN GaAsPN

The GaAsPN alloy material, which contains a small amount of nitrogen (several
atomic percent) is a viable option for next-generation solar cell applications [40]. It
is also known that increasing N content causes crystal quality to degrade, which
might affect the efficiency of future devices. This degradation is characterised by
an increase in nonradiative recombination processes via uniformly distributed
defect states and the formation of a N-related defect level. To improve the efficiency
of GaAsPN devices, the optical and electrical [41, 42] properties were studied
intensively. DLTS [43, 44], photoluminescence [40], Infrared (IR) luminescence
[45] and other experimental methods were used to investigate the defects. For
example, from DLTS measurements Rumyantsev et al [46] found two electron
traps, namely E1 (0.17 eV) and E2 (0.08 eV), in lattice- mismatched GaPN/GaP
hetero-structures samples grown on GaP substrates. In addition , two N-related deep
traps with thermal activation energies of 0.23 eV and 0.25 eV were reported by
Alburaih et al [43]. Electron traps T5 and T6 located below the conduction band
(Ec) at Ec — 0.97 eV and Ec — 1.04 eV have been attributed to phosphorus gallium
antisites (Pca) [47]. Furthermore, another defect related to phosphorus vacancy (Vp)

with activation energy of 0.26 eV has been reported in the crystal lattice [48].
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CHAPTER 4: EXPERIMENTAL TECHNIQUES

Semiconductors materials have the ability to form many types of electrical junctions
leading to a huge range of optoelectronic and electronic devices [1]. P-I-N, P-N and
Schottky diodes are examples of these junctions that are preferred for deep level
transient spectroscopy (DLTS) measurements. Having an insight how these
junctions work is a first step to understand and interpret the physics of some
semiconductor devices. The basic characteristic of a p-n junction diode will be
discussed in this chapter. In addition, there are wide range of techniques for
characterising and investigating semiconductor diodes. In this study, current-
voltage (I-V), capacitance-voltage (C-V), DLTS and Laplace DLTS techniques are
used to investigate the electrical properties of the samples. Furthermore, the main
principles and information of the hardware and software implemented by these
techniques are discussed in this chapter. Finally, a description will be presented of
other methods wused to characterise some of the samples, such as
photoluminescence, Raman spectroscopy, Electrochemical Capacitance Voltage

and Solar cell characteristics

4.1 p-n Junction

If n-type and p-type semiconductor materials are joined together they will form a
junction between them which is called p-n junction or diode [2]. When electrons
from n-type region flow to p-type side and holes from p-type to n-type region, a
depletion region is created that acts as a barrier for further diffusion flow from both
sides of the junction. Figure 4.1 shows the energy band diagram of a p-n junction
before and after the junction formation under thermal equilibrium condition and in
the absence of an applied voltage bias. Xs is the affinity of electrons in

semiconductor materials. E, and Er, represent hole and electron Fermi levels,

69



respectively. E, and E,. are the valence band and conduction band energies,
respectively. Eg;, q,Vp; are the intrinsic Fermi level, the charge of electron and
built-in voltage, respectively. The potential difference between the Fermi level and

intrinsic Fermi level in n-region and p-region are represented as V;, and V,,
respectively. x,, and x,, are the width of the depletion layer in the n and p regions

[3, 4].

The p—n junction’s Fermi level (E) is constant across the entire region when the
junction itself is at thermodynamic equilibrium, as indicated in Figure 4.1(b).
Furthermore, the Figure indicates that the n and p regions are uniformly doped and
there is an abrupt transition between these two regions, leading to the formation of
an abrupt junction (or step junction). However, a linearly graded junction, which is
also defined as a deep diffused junction, is established when the p-n junction
region’s doping concentration is not uniform, i.e. the change in the doping at the

metallurgical junction is graded.

Figure 4.1(c) describes the three separate regions in a p-n junction, namely the
quasi-neutral p and n regions (QNR) which are located far away from the
metallurgical junction and the space charge (or depletion) regions (SCR) which
have ionised shallow acceptors and ionised shallow donors within the p-depletion

and n-depletion regions, respectively.
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Figure 4.1: p-n junction: (a) the energy band diagram of p-type and n-type
semiconductors before forming the junction, (b) the energy band diagram of p-n
junction after junction formation, (c) p-n junction showing the depletion regions (or

space charge regions).
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In general, the concentrations of electrons and holes in the n and p regions of the p-

n junction are described by:
n = n;exp (Z—’;) (4.2
and
p = n;exp (_V—‘f) (4.2)

where n; represents the intrinsic carrier density, V; indicates the thermal voltage,

which is equal to k;i , Where kg is Boltzmann constant, T is the temperature and g

is the electrical charge. ;, and V,, are electrostatic potentials within the n and p

regions of the junction.

For abrupt and linearly graded p-n junctions, it is possible to use Poisson’s equation
and the continuity equation to determine the carrier distribution, built-in potential,

electric field, and potential profile in the junction’s SCR.

Generally, at equilibrium the relation between the charge distribution and the
potential V (or the electric field E) of a junction is described by a one-dimension

Poisson’s equation:

L7 = (%) =29 = L [Nf (@) — n(@) — Ny (1) + p(x)] = 0 (4.3)

dx? dx &

where p is the charge density, & is the semiconductor's permittivity, n(x) and p(x)
are carrier densities at distance x from the junction, Nji(x) and N, (x) are

uncompensated donor and acceptor ions, respectively.

To solve equation (4.3), it is simplified by using the depletion approximation where

it is assumed that: (i) the doping impurities are ionised ( N and N,) in the SCR,
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(ii) the free carriers, namely electrons and holes contributing to the local charge is
negligible, and (iii) the space-charge regions are completely depleted meaning no
free electrons and holes in the depletion regions on the n-type and p-type sides,
respectively. Therefore, the charge densities in the n-type and p-type depletion
regions are equal by considering the metallurgical junction as the origin. Therefore,
it is possible to utilise suitable boundary conditions using equations (4.1), (4.2), and
(4.3) to determine the built-in potential, electric field, and charge distribution in
various regions of the p—n junction. It is known that the total charge density is equal
to zero within the QNR region meaning that under the assumption of complete

ionisation, equation (4.3) can be rewritten into equation (4.4):
[n—p—Np—=Ny] =0 (4.4)

where N, and N, are the densities of hole and electron densities on the p-side and
n-side, respectively. In the quasi-neutral n region, if it is assumed that N, is zero (or
N4 <<Np), and p<<n, it is possible to obtain the electrostatic potential (1},) at the
edge of the depletion layer by introducing the above assumptions into equations

(4.4) and (4.1), resulting in equations (4.5) and (4.6):
n = Np (4.5)
Np = n;exp (;—’;) (4.6)

Thus, by taking the natural log of both sides of Equation (4.6) and solving for the

potential, yields:
Vo = Vrin (32) (4.7)

4

Similarly, the electrostatic potential Vj, at the edge of the depletion layer can be
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written as follows:

V, = —Vyln (ITVL—A) (4.8)

1

The internal built-in potential V,,;, which results from the diffusion of charges, can

be calculated by subtracting Equation (4.8) from Equation (4.7) as given below:

NygN
Vo = Vo = Vp = Vyln (2232 (4.9)

Due to the presence of positive and negative ions in the depletion regions results in
the formation of an electric field in the depletion region. For simplicity, assuming
n=p=0 and complete ionization of the dopant impurities inside the depletion region,

Poisson equation (4.3) be used as follows:

N
=4 —x, <x<0
a?v _ (dE g
(22 = N
dxz_(dx)_ —qED 0<x< x, (4.10)
S
0 x<x,andx = X,

where x,, and x,, are the depletion layer widths in the n and p regions, respectively

(see Figure 4.1(b)). By integrating Equation (4.10), the electrical field is given by:

E(x) = —M for -x,<x<0 (4.11)
E(x) = -5 for  0<x <x, (4.12)
The electric field is related to the potential (V) since E(x) = —Z—Z. In view of

this, the integration of Equations (4.11) and (4.12) gives the following:

V(x) = % (x, + x)2 for —x, <x<0 (4.13)

V(x) =V (0) + L2 (xnx - "2—2) for0 < x <x, (4.14)

Es
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Therefore, from Equation (4.13), the potential across the p-region can be expressed
by:

_ aNaxp
p 2gg

(4.15)
Similarly, using Equation (4.14) the potential across the n-region is given by:
_ qNpx{
V, = e (4.16)
Hence, the built-in potential can be expressed as follows:

Em
Vi = Vo + Vo= V(xn) = 22 (%, + xn) (4.17)

where

IE,| = \/Z(IIZAVp :\/ZqNDVn (4.18)

s €s

Due to the continuity of the electrical field at the junction interface, the following

should be noted:

NAxp = NDxn (419)
It is possible to calculate the depletion widths x,, and x,, on either side of the
junction by using Equations (4.17) and (4.19).

1
2

Xp = (Zssti Np ) (4.20)

q Na(Nag+Np

Similarly, x,, can be written as:

X, = (A )% (4.21)

q Np(NatNp

Consequently, the total space charge width, W, in the p-n junction is given by:
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1

_ _ 2e5Vpi Ng+Np 2
W =x,+ Xp = (Tm) (422)

In Equation (4.22) the depletion width depends on the doping density of the lightly

doped side, meaning that the depletion region fraction is greater on the side of the

1

junction with lower doping. For example, if N, >> N, W =~ (%)E and the
D

depletion layer is mainly on the junction’s n-side. This is referred to as a one-sided

abrupt p—n junction [2, 4].

4.1.1 P-N JUNCTION UNDER BIAS CONDITIONS

A p-n junction will no longer be in equilibrium if an external bias is applied between
the p and n regions, and current will begin to flow through the junction. The flow
of the current is dependent on the polarity of the applied external bias known as the
forward bias and a reverse bias conditions. As seen in Figure 4.2(c), the reverse bias
voltage condition involves an increase in the potential barrier (V,,; + V) across the
junction. In addition, the depletion width is increased so that the current flow
through the junction becomes very small. This leads to conclude that, in the reverse
bias condition the flow of current is due to the thermal effects and minority carriers.
Figure 4.2 (b) shows that the implementation of the forward bias voltage condition
results in reduced potential barrier across the junction (V,; — V), thereby resulting
in reduction of the depletion width. This creates a situation in which the flow of
current across the junction rises considerably. Moreover, Figure 4.2 (a) shows that
for a zero applied bias condition, the Fermi level remains constant throughout the
junction, while when a forward bias voltage is applied to the diode, Er, moves

down to the half-occupancy level of equilibrium for holes within the p region, and
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Er, does the reverse. In addition, Figure 4.2 (c) shows that, in the context of a

reverse bias condition, the Fermi level on the n region is lower than the Fermi level

on the p region.

(a)
E
€ \fl\ qul
Ff e mmm e m oo eaee
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Figure 4.2: Energy band of a p-n junction under different bias conditions (a) zero

bias, (b) forward bias and (c) reverse bias [5].

By neglecting the voltage drop in the p and n quasi-neutral regions and modifying
Poisson’s equation at zero bias, i.e. replacing V,; with (V,,; + V), the depletion width
for abrupt junction under different bias conditions can be obtained as shown by

Equation 4.23 [5]:
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1

2
W= (L’” (Vi £ V)) (4.23)

qNaNp

In equation 4.23 the plus and minus signs refer to reverse and forward bias

conditions, respectively.

4.1.2 DEPLETION LAYER CAPACITANCE

One of the most important parameters that helps to understand a p-n junction is the
depletion capacitance of the space charge region. The measurements of the
capacitance of the device as a function of reverse bias voltage enable to estimate
the built-in potential of the junction. Moreover, the capacitance-voltage (C-V)
analysis is a standard method used to determine the carrier density profile of a
Schottky diode or p-n junction [5]. Since a p-n junction is a double layer of electrons
(donors) and holes (acceptors) charge carriers, its related capacitance can be

expresses as [3]:

C = ﬂ _ d(qNAxp) _ d(qNpxn)
av av av

(4.24)

where dQ is the charge in the depletion region and dV is the applied voltage.
Moreover, this capacitance can be given as a function of the junction depletion

width as follows:

c =2 (4.25)

where A is the area of the junction and €& is the dielectric constant of the
semiconductor. When applying a reverse bias and assuming N, >>Np, using

Equations (4.24) and (4.25), the capacitance can be written as:
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1

€ =222 [2e000) (4.26)

av 2 lvyi+vg

From Equation (4.26) it can be seen that the capacitance of the diode decreases as
the reverse bias is increased. Also, it is possible to obtain the doping concentration
(Np,) from the slope of the plot of 1/C? versus V (reverse-bias voltage) as shown
in Figure 4.3. The built-in potential (V},;) can be obtained from the intercept at 1/C2

=0

-Vbi

Figure 4.3: Plot of 1/C2versus applied reverse bias voltage for a one step- junction
diode [5].

4.2 CURRENT- VOLTAGE CHARACTERISATION

If the device is considered to be a Schottky, p-n or p-i-n diode the current-voltage
(I-V) characteristics can be explained by the thermionic emission model with a

series resistance (Rs) as follows [5]:

I = Ig[exp( X8y _ 13 (4.27)

nKgT

where q is the electronic charge, V is the applied voltage, kgis the Boltzmann
constant, n is the ideality factor, I is the saturation current and T is the absolute

temperature in Kelvin. The values of I and n are determined from the
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experimental data. The saturation current I can be determined from Equation

(4.28):
Is = AA"T?exp(—=2) (4.28)
B

where A is the area of the junction and A**is the effective Richardson’s constant for
a given semiconductor material, and @ is the built-in potential barrier. In case of
forward bias voltage for V — IRs >> KT and hence Equation 4.27 can be rewritten

as:

q(V—-IRg

= lsexp( )

(4.29)

By taking the first derivative of I with respect to V' from equation (4.29) will

give:

ar _ q qV-IR))\ ¢ q(V—IRs) ar
= Is (nkBT exp ( nkgT ) kT EXP ( nkgT )RS dV) (4.30)

Note that dI/dV = G , and G is the conductance. Equation 4.30 can be rewritten

as:

V—IR;
G =—2_I exp (M) (1-G.R) = 221 (1= G.Ry) (4.31)

nkgT nkgT

19

=94 _9% g (4.32)

I nkpgT nkgT

Thus, by plotting the values of G /I versus (G) a straight line is obtained, as shown

in Figure 4.4. Values of n and R can be extracted from the y-intercept and the
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slope, respectively. This method of extracting n and Rs experimentally is known as

Werner’s method [6].

L

o J—

. q
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Conductance(S)

Figure 4.4: Plot of G/I versus G.

For the determination of I and @, the natural logarithm of Equation 4.27 is used

as given below:
In(1)=In(s)+ L8 (4.33)

By plotting In(I) versus (V — IRs), I can be found from the y-intercept of the plot

and by substituting the I value in equation (4.28) , @ can be calculated as:

0p =20 in (4A1) (4.34)

q Is
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4.3 DEEP LEVEL TRANSIENT SPECTROSCOPY (DLTYS)

Investigating deep level defects in semiconductor experimentally can be done via
microscopic defect analysis methods [7]. Deep level transient spectroscopy (DLTS)
is one of these techniques, which is a novel, powerful tool used to characterise the
deep levels defects in semiconductors via the observation of charge carriers
emission [8]. DLTS was first discovered by Lang in 1974 [9]. This technique is
totally based on the change of the depletion capacitance as a function of temperature

in order to determine the activation energy of traps and capture cross-section.
4.3.1 CAPACITANCE TRANSIENTS

The DLTS method measures the capacitance transients which result from the
change in the depletion charge region. A Schottky diode or a p-n junction device is
needed to carry out these measurements. Figure 4.5 shows the changes in the charge
occupancy of a defect level at different bias conditions in a Schottky diode.
Considering Figure 4.5, at a stage (a), a space charge region is established when a
reverse bias Vr is applied and traps above the Fermi level are empty. At stage (b),
the depletion region width decreases after a filling pulse V, is applied which leads
to the traps to capture electrons (filling traps). The rate at which the traps capture

electrons is given by:

d
=T = cy(Nr — ) (4.35)

where N, cn and nr represent the total number of trap states, the capture coefficient
of electrons and number of trap states occupied by electrons, respectively. The

electron capture coefficient can be given by the following equation:

cn=0n (V) n (4.36)

82



where on IS the electron capture cross-section, <ve;> is the mean thermal velocity

of the electrons, and n = Nq -Nt1 = Ny is the effective doping concentration.
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Figure 4.5: Plot of energy diagrams of a Schottky diode showing the charge
occupancy changes of the defects level during (a) emptying traps at steady applied
reverse bias (V=VR), (b) filling traps during filling pulse V=Vp, (c) thermal emission
of electrons due to the increase in the temperature at V=Vr and (d) DLTS pulse and
corresponding capacitance transient. t, and Er represent a pulse width and a trap

energy level [10].
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At stage (c), the depletion region moves back to its original width after the reverse
bias is re-established, and the filled traps will start to emit the trapped carriers and

the corresponding emission rate is given by:

dTlT

pral epNy — (e + ep)nr (4.37)

where e, and ep are electron emission and hole emission, respectively.

Assuming that the deep level is an electron interacting centre, the solution of
Equation (4.35) (capture process) and Equation (4.37) (emission process) are given

by [11]:
nr(t) = Np{1 — exp(—cpt)}, ¢ > en,ep,Cp (4.38)

and
-t
nr(t) = Nrexp (T)’ en > Cn,€p, Cp (4.39)

where ¢, is the capture coefficient of holes and the inverse of the electron emission

. 1
rate Is = —.

én

As shown by the above equations, the reduction of the filled trap concentration has
an exponential trend with a time constant t and this process leads to a rise in the

capacitance transient as illustrated schematically in Figure 4.5 (d).

The change of traps occupancy can be measured indirectly by monitoring the
capacitance changes of the junction. By adding the filled traps contribution, n;(t)

in the space charge region, Equation (4.26) can be modified as:

1
_ dQ _ A[2esqNp] /2
C - dVg - 2 [Vbi+VR] (440)
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where Np"=Np-n, .

If n, << Np, Equation (4.38) could be written as:

AC = Cp (1-21) (4.41)

2Ng

where AC is the amplitude of the capacitance transient and C,, the steady state

capacitance:

1
[ngqND] /2
oo \/_ VpitVR

Combining Equation (4.39) and Equation (4.41) provides the time dependence of
the capacitance for majority carrier traps emission and this can be determined

from:

AC = Cy [1——Dexp< :_)] (4.42)

Consequently, the trap concentration and the emission rate of electrons can be
obtained from the amplitude of the capacitance transient and the time constant,
respectively. Figure 4.5 (d) shows the trap emission process and consequent change
in the capacitance as a function of time. It is worth pointing out that the sign of the
capacitance transient for minority carriers traps is opposite to the majority carrier

traps.
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4.3.2 CONVENTIONAL DLTS

The conventional DLTS technique [9] is dependent on the rate window concept,
where the capacitance of the depletion region for a p-n junction or Schottky diode
Is measured between two interval times, t: and t2 (t2>t1) which are aresult of capture
and emission of carriers. A DLTS spectra can be obtained through the measurement
of the capacitance transient as a function of temperature T, allowing the
determination of the trap parameters such as activation energy, E, capture cross
section o, and density Nt. In particular, Equation (4.42) can be used to give the
DLTS output signal as function of temperature, S(T), and can mathematically be

expressed as:

S(T) = C(ty) — C(tz) = AC: [exp (—2) — exp (- 2)] (4.43)

where AC. is the change in the capacitance at time t = 0, and it is expressed as:

_ CoNT
aC =2 (4.44)

where Nt is the concentration of the trap and C,, is the capacitance at a maximum
reverse bias (when the trap is completely empty). S(T) changes as the emission rate
en changes with temperature as shown in Figure 4.6 (a).

When 7t « (t; — t,) and t > (t; — t,), the DLTS signal will be small, if 7 =
(t; — ty) the DLTS signal is maximum. The maximum signal of S(T) (maximum

emission) corresponds to the maximum amplitude of the DLTS signal and can be

ds(T)
dt

obtained by using = 0, the rate window equation can be written as:
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_ _ (t1—t3)
T = Tmax = ln(tl/tz) (445)

The value of the rate window 7 can be changed by changing the values of two-
measurement times t; and tp, Changing the rate window will generate different
maximum peaks (DLTS peaks) at different temperatures, as shown in Figure 4.6
(b). Typical rate windows values are from 5 s to 5000 s™. To obtain the trap
activation energy, the Arrhenius plot of the emission rates (from DLTS peaks) as a
function of temperature is used, as shown in Figure 4.6 (c). The activation energy
is extracted from the slope of the Arrhenius plot whereas the apparent capture cross-
section can be obtained from the y-intercept. Additionally, the trap concentration,
Nt can be calculated using Equation (4.44), where AC. corresponds to the
conventional DLTS peak amplitude. It is worth pointing out that the DLTS signal
does not depend on the value of t; and t> as Equations (4.44) and (4.45) indicate,

but it depends on the ratio (t2/ty).
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Figure 4.6: schematics diagrams illustrating (a) the generation of DLTS peaks for
one rate window, (b) DLTS peaks for different rate windows and (c) Arrhenius plot

obtained from different rate windows [9].

4.4 LAPLACE DLTS SPECTROSCOPY

Conventional DLTS is a powerful technique and is widely applied in order to
investigate deep-level defects. However, it has some problems that affect its

resolution. One of these issues of DLTS is the accuracy of temperature
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measurements associated with the thermal scanning process. Increase or decrease
the temperature causes inaccurate measurement of the traps’ activation energies.
Another problem is the difficulty of separating the time constants of the exponential
emission transient from various defect states which leads to a broadening of the
DLTS spectra peaks [12]. To overcome the constraints of the conventional DLTS,
Laplace DLTS (LDLTS) technique is applied. LDLTS is an isothermal technique
where the device under investigation is kept at a constant temperature throughout
the measurement process. The Laplace equation can be used to provide the

mathematical description of the LDLTS transient.
f(&) = [ F(s)e™tds (4.46)

where f(t)and F(s)are the recorded transient and the spectral function,
respectively. Figure 4.7(a) shows the capacitance transient which is obtained from

LDLTS measurements.

Equation 4.46 represents the transient capacitance as the Laplace transform of the
actual spectral density function F(s). Figure 4.7 (a) presents an example of a
capacitance transient obtained using Laplace DLTS. The real spectrum of emission
rates within the transient is obtained by using an appropriate mathematical

algorithm, which performs an inverse Laplace transform for the recorded transient

f®.
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Three main algorithm routines, namely CONTIN, FLOG and FTIKREG are
used to solve Equation (4.46) [13] and achieve a spectrum of delta-like peaks

as shown in Figure 4.7 (b).

ftikreg contin flog
08 Base king = 0.9992 Base line : 0.3900  Base line 3 0.9899
Em. ratel Amplitude Em. rate Amplitude Em. rate Amplitude
103 52 0.4182 52,53 | 0.4098 49.78 | 0.3851

12t | 202. 1.0093  262.54 . 1.0050 = 200.43 | |1.6299
ik § ot | 33080.00 | 0.0061 LIl

A6+
A8+
20F
223
243
26
284

C(pF)
Amplitude (pF)

A0 *
0 10 20 300 40 50 B0 700 600 90 100 1 10

Sample Emission Rate (1/s)

(a) (b)

Figure 4.7: (a) Laplace DLTS capacitance transient and (b) a spectrum of delta-
like peaks [14].

4.5 SYSTEM HARDWARE IMPLEMENTATION

4.5.1 DESCRIPTION OF SYSTEM HARDWARE

This section gives details of the experimental setup used to perform the
conventional DLTS and Laplace DLTS measurements. Figure 4.8 shows an
experimental photograph of the DLTS system and Figure 4.9 illustrates a block
diagram of DLTS and Laplace DLTS setup, which consists of (i) capacitance meter,
(i) Janis cryostat and temperature controller, (iii) Current-Voltage meter, and (iv)
data acquisition and BNC connectors box for analogue Input (I)/Output (O). A

computer via a GPIB interface controls all equipment.
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Figure 4.8: Photograph of the DLTS system used in this thesis.
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Figure. 4.9: Block diagram of DLTS and Laplace DLTS system.

45.1.1 CRYOSTAT AND TEMPERATURE CONTROLLER

Thermal energy is required for the process of emitting charge carriers from the

traps. A cryostat (type Janis CCS-450) and a temperature controller (Model Lake
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Shore 335 are used to control and monitor the sample temperature in DLTS and

Laplace DLTS experiments.

The cryostat is based on a closed-loop cycle refrigeration system which operates
with a compressor that ensures a continuous flow of helium gas (He) through a high

efficiency flexible six feet cryogen transfer line.

The internal structure of the cryostat system as shown in Figure 4.10 consists of (i)
a cold finger which accommodates the sample holder, (ii) lightweight aluminium
vacuum shroud, (iii) a radiation shield, and (iv) electrical ports for sample contacts

and thermal sensors.

The cryostat can operate over a temperature range from 10 K to 450 K with a
stability of £1K. Lake Shore 335 was used to control two temperature sensors, one
of which was situated very close to the device under investigation in order to control

its temperature more accurately.
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Figure 4.10: Photograph of the cryostat structure used for the DLTS experiments.

4.5.1.2 CAPACITANCE METER

A high response time capacitance metre is needed to monitor the capacitance
transient in DLTS and determine the background doping concentration and trap
concentration. The Boonton 7200 meter that has a response time of ~120 ps has

been used and this meter has only 1 MHz sampling frequency.

4.5.1.3 CURRENT-VOLTAGE SOURCE METER

To determine the diode parameters such as ideality factor (n) and the built-in
potential barrier (¢v), I-V measurements were performed at different temperatures
for each sample. In addition, a low reverse current, in the range of pA, is required

for DLTS and Laplace DLTS measurements and hence, the current-voltage (I-V)
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characteristics were obtained using a Keithley 236 current meter, which is
controlled by a computer software via GPIB interface. It provides a source voltage
ranging from 100 pV to 110 V with a sensitivity of £10 uV and a source current in

the range of 100 fA to 100 mA, with a sensitivity of 10 fA.

4.5.1.4 DATA ACQUISITION AND BNC-2100 CONNECTOR

A National Instruments (NI) data acquisition (DAQ) card is used for biasing and
pulsing the diodes. The card can be used to apply a maximum input voltage of £
10.0V to the samples with a pulse width of 0.5 us. A BNC-2110 connector box is
used to collect information from the diodes and send it to the computer for
processing. An NI PCle-6321 card and BNC-2110 connection box were connected

via a suitable SHC68-68 EPM cable.

4.5.1.5 COMPUTER INTERFACE
General-purpose interface bus (GPIB) is used to connect all experimental

equipment to a computer for remote control via software.

4.6 SYSTEM SOFTWARE

The Laplace DLTS software was developed as part of a joint project “Project
Copernicus CIPA CT-94-0172 and the Polish Science Foundation, serial number:
C3.2.041" between the Institute of Physics of the Polish Academy of Sciences,
Warsaw, Poland (late Prof. L. Dobachevsky) and the University of Manchester
(Prof. A.R. Picker). This software can run in normal DLTS and Laplace DLTS

modes as described below.
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4.6.1 CONVENTIONAL DLTS MEASUREMENTS MODE

In traditional DLTS mode, the sample temperature is scanned at a rate of 2K / min.
In this mode, the software displays three different routines, namely Multi-rate
window, Trap View, and Exponential Fitting modes, which all use the rate window

concept. These modes are discussed briefly below.

In the “Multi-Rate” mode nine different rate windows are recorded, namely 5 s,
10st,20s?,50s?, 100 s, 200 s, 500 s%, 1000 st and 2000 s. In the Trap View
mode, a pair of rate windows out of five pairs can be selected at a time: (4, 10 s2),
(20, 50 s), (80, 200 s™), (400, 1000 s*) and (2000, 5000 s1). For Exponential
Fitting modes only one rate window could be chosen for this procedure, a lock-in
mode can be selected instead of the rate window mode. Lock-in mode has a better
resolution as compared to rate window mode but also has a poor signal to noise
ratio. When the measurement is run in “Exponential Fitting” mode, the Arrhenius
plot is obtained. Thus, defects activation energies and capture cross-sections can be
estimated. It should be noted that, parameters of a DLTS experiment such as
reverse bias, forward bias, pulse duration, and temperature range can be remotely

tuned in all these three modes.
4.6.2 LAPLACE TRANSIENT PROCESSING MODE

In Laplace DLTS mode, the sample is kept at a constant temperature during the
measurements. The Laplace DLTS mode is used to improve the signal to noise
(S/N) ratio. Three algorithms are applied to generate the Laplace DLTS signals

(FLOG, CONTIN and FTIKREG).
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4.6.3 DLTS AND LAPLACE DLTS MEASUREMENTS

The electrically active defects detected in the material systems studied in this thesis
are characterised using DLTS and Laplace DLTS techniques, which are discussed
in previous section. This section provides a brief description of the experimental
procedures. First, the samples were formed into circular mesas ranging in diameters
from 200 to 1000 um and mounted on 10-pins TO5 headers which are installed in
a sample holder within a closed loop cycle refrigerator, model CCS-450 cryostat.
The samples were then cooled to a temperature of 10K and the DLTS measurements
were performed by gradually increasing the temperature up to 450 K at a rate of 2
K/min. A National Instrument Box generates an electrical pulse sequence that is
applied to the samples. The transient capacitance is measured using a Boonton 7200
capacitance meter. The change in capacitance transient is recorded in the form of a
DLTS signal and stored in a computer at selected reverse bias (\Vr) and filling pulse

(Vp).

High resolution Laplace DLTS measurements were performed to resolve the broad
features detected in the conventional DLTS peaks. As it is an isothermal process,
the temperature of the sample is fixed during the Laplace DLTS measurements,

which are carried out within the temperature range of the conventional DLTS peak.

4.7 Electrochemical Capacitance Voltage Profiling

Conventional capacitance-voltage (C-V) measurements are commonly used to
determine the distribution of free charge carriers in semiconductors, which is
related to the dopant concentration profile. However, the main limitation of the
conventional C-V method is the electrical breakdown voltage of the semiconductor

samples, which imposes limitations on the maximum measurement depth from the
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junction of metal/semiconductor (Schottky diode) or p-i-n structures. To overcome
the limitations of the conventional C-V technique, the electrochemical capacitance-
voltage (ECV) method was developed by Ambridge et al [15] to characterize the
free charge carriers profile at various depths. The technique is based on making a
liquid electrolyte-semiconductor Schottky contact and measuring the capacitance
at a constant reverse bias. The semiconductor is electrolytically etched between
capacitance measurements, leading to depth profiling. This technique has a
significant advantage over conventional CV profiling in that the maximum depth is
not limited by the maximum breakdown voltage. However, ECV is a destructive

technique.

The ECV process involves two primary steps, (i) the measurement of the
capacitance-voltage (CV) characteristics, and (ii) controlled etching of the
semiconductor material. The etching method used in ECV profiling depends on the
type of doping in the semiconductor material. For n-type samples, the etching is
done using a high-intensity lamp to activate the dopants and create a region of high
conductivity, while for p-type samples voltage etching is typically used to remove
a thin layer of the material. Repeated cycles of etching and measurement allow for
obtaining a depth profile of active dopant concentration (free charge carrier

concentration).

The carrier concentration at the depletion depth WpepL is extracted from the slope

of the 1/C? vs. V curve using the relationship [16]:

2 1
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where, q is the electronic charge, ¢, is the dielectric constant of the semiconductor,
€o IS the permittivity of free space and A is the area of the electrolyte-semiconductor

junction.

ECV measurements were performed in collaboration with Dr Hassanet Sodabanlu
(The University of Tokyo, Japan) utilizing the commercial Nanometrics ECV Pro
profiler (see Figure 4.11). First the electrolyte EDTA (ethylenediaminetetraacetic
acid).2Na mixed with ethylenediamine 1:10 dilution with deionised (DI) water was
prepared. This consisted of 950 mls DI water, 50mls ethylenediamine (5% by
volume) and 37.24 gms of EDTA (0.1M) (or short for edetic acid). Then a 100 ml
of the above solution was diluted to 1 litre of DI water and used to profile the top
n-type layer of the p-i-n structures. The samples were measured at room
temperature using pulse anodizing etching mode. It is worth pointing out that the
above solution combined with the pulse anodizing etching mode allowed fast

etching but at low resolutions (5 nm and larger).

Figure 4.11: Photograph of the Nanometrics Electrochemical Capacitance Voltage
(ECV) Pro profiler apparatus. Courtesy of Dr Hassanet Sodabanlu (The University
of Tokyo, Japan).
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4.8 PHOTOLUMINESCENCE (PL) SPECTROSCOPY

Photoluminescence (PL) is an optical characterization technique that analyses the
optical emission from materials which are exposed to an optical excitation source.
The optical emission results from radiative recombination between an electron-hole
pair in a material that was previously excited by a photon absorption, which have
energy higher than the bandgap of the material. PL spectroscopy is a non-
destructive and effective technique used to examine the optical characteristics of

semiconductor materials, nanostructures and devices.

In PL measurements, when the investigated sample is subjected to a light source
such as a laser, lamp or LED with a photon energy Av greater than the material
bandgap Eg, the electrons in the semiconductor absorbs these photons, and the
excess energy is transferred to the semiconductor material, a phenomenon called
photo-excitation. After photo-excitation, the electrons in the semiconductor
material will release the excess energy in the form of light, which is referred to as
photoluminescence. Information about the bandgap, impurity levels, and material
quality can be obtained by examining the spectral content and intensity of the

photoluminescence spectrum.

During photo-excitation, electrons are raised to higher energy states and later return
to their original equilibrium states by releasing energy in the form of light as shown
in Figure 4.12. This process is called radiative recombination, and the energy
difference between the excited and equilibrium states is emitted as light. In addition
to radiative recombination, a non-radiative process occurs when the difference in
the energy is lost as heat. It is important to note that the PL technique does not

necessitate any sample preparation or electrical contacts.
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Figure 4.12: Principle of photoluminescence spectroscopy (PL) [17].

4.8.1 SPECTROMETER AND DETECTORS

A photograph and a schematic diagram of the setup of the spectrometer are shown

in Figure 4.13 and Figure 4.14, respectively.

In collaboration with Prof Yara Galvdo Gobato and Prof Helder Vinicius Avanco
Galeti (Federal University of Sdo Carlos, Sdo Carlos-SP, Brazil), the PL study was
performed a function of laser power and temperature using a state-of-the-art Janis
closed-loop helium cryostat which has a fitted quartz window in order to provide
optical access. A temperature controller, model Lake Shore 331, was employed to
control the temperature of the samples from 10 K to 300 K. Initially, each sample
was mounted in a dedicated holder and inserted inside the cryostat, where a high

vacuum (<10~ mbar) was obtained using a combination of mechanical and turbo
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pumps. The cryostat was cooled down to 10 K. The samples were excited with a
532 nm (2.33 eV) CW (continuous wave) DPSSL (Advanced Diode-Pumped Solid-
State) laser with a spot diameter on the sample of around 400 um. The optical
excitation pathway drives the laser beam to the sample using silver mirrors, a
neutral density filter to control the delivery laser power, and a 15 cm focal distance
quartz lens in order to obtain a focused laser beam on the sample surface. The
scattered PL signal was collected using a set of two convergent lenses, one in front
of the sample (10 cm focal length) and another one (25 cm focal length) in front of
the monochromator entrance (500M Spex Horiba model). In addition, a long pass
optical filter (550 nm cut-off) was used to avoid detection of the mixed scattered
laser with the PL signal. The monochromator has (i) entrance and exit slits which
can be adjusted from 0 to 500 pm, (ii) 1200 lines/mm diffraction grating (blaze
600nm), and (iii) a GaAs photomultiplier (R928 Hamamtsu) with water-cooled
thermoelectric cooler. The photomultiplier was powered with 950 V. The
acquisition system has components combining a photon count device, a transducer
communication system (Spectra Acquire Horiba Model) as well a computer that
was controlled using SynerJY Horiba data software. The integration time of all
spectra was chosen depending on the relative PL signal intensity and was between
0.1sto 1.0 s, and the scanning step for all spectra was 1nm. The PL data treatment
takes into account the eventual difference in the acquisition parameter (time
integration mainly) in order to become the set of data comparable in terms of

relative intensity.
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Figure 4.13: Photograph of the photoluminescence (PL) apparatus. Courtesy of Dr
Helder Galeti (Federal University of Sdo Carlos, Sdo Carlos-SP, Brazil).
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Figure 4.14: A schematic diagram of the photoluminescence (PL) apparatus.
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4.9 RAMAN SPECTROSCOPY

Raman spectroscopy involves illumination of a sample with a monochromatic light
and examining the scattered light from a sample. Raman spectroscopy is a non-
destructive method that can reveal intricate details about a sample's chemical
structure, crystallinity, and molecular interactions without requiring any sample
preparation. It is based on the inelastic scattering of photons, known as Raman
scattering which involves an energy exchange and a change in the direction of light.
If the scattered photon has higher energy than the incident light, then the scattering
light is called anti-Stokes. If the scattered light has a smaller energy than the
incident light, Stokes scattering occurs. The energy difference will be caused by a
change in the vibrational energy of the molecule that absorbs the light. The shift in
energy gives information about the vibrational modes in the system. The schematics

of the Stokes and anti-Stokes Raman scattering are shown in Figure 4.15.

Energy

Vibrational
Energy levels

X -

Stokes Rayleigh Anti-Stokes
Raman scattering  Elastics scattering Raman scattering

Figure 4.15: Schematic diagram of energetic transitions involved in Raman
scattering. Rayleigh scattering is an elastic process where the incident photon is of
the same energy as the scattered photon. Raman scattering is an inelastic process:
(i) in Stokes scattering, the incident photon is of greater energy than the scattered
photon, (ii) in anti-Stokes scattering, the incident photon is of lower energy than the

scattered photon [18].
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Optical phonons refer to the out-of-phase movement of atoms within a lattice that
contains two or more atoms. Raman active optical phonons, which interact with
light by means of Raman scattering, can be classified into longitudinal optical (LO)
and transverse optical (TO) phonon modes, and their splitting is determined by the
Lyddane-Sachs-Teller relation [18]. The frequencies of optical phonons are usually
measured and expressed in units of spectroscopic wavenumbers, which are
represented in cm™. The observation of LO and TO phonon modes in Raman
spectroscopy is affected by the crystal plane orientation of the sample being

measured.

The Raman spectroscopy used to study the properties of InGaP-based p-i-n
structures (Chapter 8) was performed in collaboration with the group of Prof.
Jorlandio F. Felix (University of Brasilia, Brazil) using a confocal micro-
spectrometer (LabRAM HR Evolution, Horiba Scientific, France) equipped with
1800 lines/mm grating and CCD detector, with a spectral resolution of ~ 1.0 cm?
and spatial resolution of ~ 1 um. The excitation laser beam (532 nm) with 1.1 mW
power was focused onto the sample using a long-working distance microscope
objective MPLANFL N 50x (0.50 NA, Olympus). Figure 4.16 shows a picture of

Raman spectroscopy instrument which was used in this thesis.

Figure 4.16: Photograph of Raman spectroscopy apparatus. Courtesy of Prof.

Jorlandio F. Felix (University of Brasilia, Brazil).
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4,10 SOLAR CELL CHARACTERISTICS

Photovoltaic (PV) cells are usually characterised with four performances: open
circuit voltage Vo, short-circuit current ls, fill factor FF and conversion efficiency

n. These parameters can be characterised using Figure 4.17
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Figure 4.17: Typical plot of a solar cell’s I-V characteristic and its parameters

where (Vip, Inp) is the maximum power point.

The open circuit voltage Vo is the maximum possible voltage generated across the

terminals of a solar cell when they are kept open, i.e. | =0 (see Figure 4.17).

The short-circuit current Isc is the current through the solar cell when the voltage

across the solar cell is zero (i.e., V=0). I is characterised in terms of (mA/cm?).

The fill factor FF, which is a measure of quality of a solar cell, is defined as the

ratio of maximum power Pm = Vmp.Imp that can be extracted from a solar cell to the
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ideal power Po = Voc.Isc. FF is typically expressed as a percentage and is given by

the following equation [19].

FF = metme 1009 (4.49)

Vocsc

The conversion efficiency # of a solar cell is a crucial characteristic that determines
its performance. It is calculated as the ratio between the maximum power generated

by the solar cell, Py, and the incident power it receives, Pin [19].

p = m = Iwlnp _ FRlseVoc 4 1000, (4.50)

Pin Pin in
In this thesis, the current density-voltage curves of solar cells were obtained in
collaboration Dr Suho Park (University of Science and Technology, South Korea)
using a Keithley 4200-SCS semiconductor characterisation system. The illuminated
current density-voltage curves of the solar cells were measured under AM 1.5G
spectrum at 1 sun intensity (100 mW/cm?) using a solar simulator (McScience

Incorporation; K201-LAB50, 150 W Xe lamp, AM 1.5G filter) (see Figure 4.18).

150 W Xe lamp Eeithley 4200-SCS

Electrical connectors

‘ solar simulator

Figure 4.18: Photograph of the solar simulator system used in this thesis. Courtesy
of Dr Suho Park, University of Science and Technology (UST), South Korea.
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CHAPTER 5: THE EFFECTS OF V(P)/I111(Ga)
FLUX RATIO AND THERMAL ANNEALING ON
THE ELECTRICAL PROPERTIES OF DILUTE
NITRIDE GaAsPN-BASED P-1-N SOLAR CELL
STRUCTURES

In this Chapter, an investigation will be reported on the effects of the growth
conditions, namely P/Ga flux ratio, on the electrical properties of GaAsPN-based
p-i-n solar cell structures grown by molecular beam epitaxy (MBE) using current-
voltage (I-V), capacitance-voltage (C-V), conventional DLTS, and Laplace DLTS
characterisation techniques. In addition, a detailed study of the effect of rapid

thermal annealing (RTA) was carried out .

5.1. INTRODUCTION

The unique physical properties of dilute nitride III-V-N materials set them apart
from traditional alloy semiconductors. These materials have unusual physical
properties that are not seen in other conventional semiconductor materials making
them useful for technological applications, such as solar cells, optical amplifiers,
and lasers operating at long wavelengths [1, 2]. For example, nitrogen content can
be modulated to alter the band gap energy of I1I-V semiconductors. To grow dilute
nitride I11-V semiconductors, i.e. a ternary III-V-N compound such as GaPN, small
quantities of nitrogen (1% to 4%) are incorporated into the host lattice of I1I-V
alloys. Furthermore, quaternary GaAsPN alloys can be synthesised by
incorporating As in GaPN [3]. These materials, which can be grown by molecular
beam epitaxy (MBE) and metalorganic vapor phase epitaxy (MOVPE), are very
attractive for devices that require efficient light emission and light absorption [3].
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The optical properties and crystal structure of these quaternary GaAsPN
semiconductor alloys are highly desirable because they can be lattice matched to

common substrates such as Si and GaP [4] substrates.

On the other hand, the presence of defects, including both deep defects and shallow
defects, related to nitrogen incorporation into GaAs, has been observed [5]. A
thorough understanding of the origin of these defects has yet to be completely
understood [6]. Moreover, the achievement of high quality GaAsPN required for
device applications necessitates an understanding of the effects of growth
conditions, such as growth temperature and V/III flux ratio on the electrical and
optical properties of the alloys. Furthermore, post growth annealing processes have
been used to decrease and/or annihilate the defects which were introduced during
the growth. Therefore, the optimization of the growth conditions and thermal
annealing treatment play key roles in the enhancement of the electrical and

optoelectronic properties of these semiconductor alloys [7].

In this study, a detailed investigation was carried out on electrically active defects
in p-i-n GaAsPN-based solar cell structures grown with different V(P)//111(Ga)
flux ratios. This investigation will help to understand the effect of the growth
conditions on the efficiency of the solar cell devices using current-voltage (I-V),
capacitance- voltage (C-V), conventional DLTS, and Laplace DLTS

characterisation techniques.

5.2 SAMPLE DETAILS

In this work, two p-i-n GaAso.1Po.ssNo.o1 based solar cells with the same structure

were grown by MBE on 400 um thick n+ (100) GaP substrates using different
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V(P)/111(Ga) ratios. The structure of the devices, as illustrated in Figure 5.1, consists
of a 500 nm thick n-type GaP buffer layer (n=1x108cm~3), followed by a 300 nm
p-type GaAso.1Po.soNo.o1 (p=1x 1017cm™3) i-layer and a 30 nm p-type GaP cap layer

(p=1x108cm™3).

30 nm p-GaP (1x10'8cm” )

400 pm n-GaP Substrate (1 x10'8cm™)

Figure 5.1: Schematic diagram of the p-i-n GaAsPN based solar cell structures.

Zn and Si were used as p-type and n-type dopants, respectively. Ga was provided
through a conventional Knudsen effusion cell containing pure Ga metal solid source
while the group V elements (P, As) were supplied via valved-cracker cells where
solid sources of these elements are heated. Upon heating, phosphorus and arsenic
are released in the form of tetramers (P4, Ass). They are then cracked to form P2 and
As> molecules which have higher sticking coefficients [8, 9]. Nitrogen was
incorporated into GaP using a valved radio frequency (RF) plasma source with
nominal 0.5 sccm N, flow and a 400 W RF power. The growth rate was 0.2
monolayer/s (ML/s). The V(P)/I11(Ga) beam equivalent pressure (BEP) used for the
growth of two structures was 5 and 21. It is important to note that the growth rate
of the I11-V compounds is controlled by the group Il flux. To achieve lattice

matching between GaAsPN and GaP substrate, the As flux was set at 0.2 pTorr.
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After growth, the samples were annealed by using a JetFirst (Jipelec) rapid thermal
annealer (RTA) system at 800 °C for 5 mins under forming gas (mixture of N, and
H2) ambient. The ramp-up temperature rate was 100 °C/s.

Ni/Au/Ge/Au/Ni/Au and Pd/Zn /Pd metallisations were performed to the back and
front of the solar cell structures, respectively, in order to form Ohmic contacts [10,

11].

5.3. EFFECT OF V/IIl FLUX RATIO ON THE ELECTRICAL
PROPERTIES OF DILUTE NITRIDE GaAsPN BASED P-1-N
SOLAR CELL STRUCTURES

The growth conditions of this important GaAsPN quaternary alloy could affect the
electrical properties of p-i-n solar cell devices. Therefore, it is important to optimise
the growth conditions in order to minimise the number of electrically active defects

and their concentrations.

In this work, 1-V, C-V, DLTS and Laplace DLTS techniques were carried out to
investigate the effect of different V(P)/IlI(Ga) flux ratios on the electrical

properties of p-i-n GaAsPN based solar cell structures.
5.3.1 I-V CHARACTERISTICS

The I-V characteristics were obtained at room temperature for both samples grown
with different V/III ratios, namely 5 and 21, as shown in Figure 5.2. As can be seen
from this Figure, the leakage current of the sample grown with low P/Ga flux ratio
is lower than the sample grown with high P/Ga flux ratio. The low reverse current
observed in the sample grown with a P/Ga ratio=5, could indicate that there is a

reduction of the concentration of the defects which act as generation recombination
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centres [12] and/or a lower number of defects [13]. In addition, the turn-on voltage
(Von) increases from 1V to 1.2 V when the P/Ga flux ratio increases from 5 to 21,

respectively. This behaviour could be attributed to defects and traps [11].

== "//I1l BEP ratio =5
3 | ===V/III BEP ratio =21

Current (A)

. , . . .
-3 -2 -1 0 1
Voltage (V)

(]

Figure 5.2: Room temperature semi-logarithmic |-V characteristics of p-i-n
GaAsPN based solar cells grown with different P/Ga flux ratios. The inset shows

linear I-V characteristics.

As the devices investigated are p-i-n junctions, the I-V characteristics could be
explained by the thermionic emission model with a series resistance (Rs), as follows
[14, 15]:

q(V—IRS

I'=Is[exp(= =) — 1] (5.1)

where q is the electronic charge, kgis the Boltzmann constant, V is the applied
voltage, n is the ideality factor, I is the saturation current, and T is the absolute
temperature in Kelvin. The values of n and I are determined from the experimental

data. The saturation current I can be expressed as:
)k 2 _qﬁB
Is = AA” T exp(—) (5.2)
kgT
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where A is the effective device area and A**=98.2 Acm2K= is the effective

Richardson’s constant [16].

The characteristics parameters of these devices such as (n, @s and Ig) were
calculated by using the Werner’s method [17], which was discussed in Chapter 4,
Section 4.2. Figure 5.3 shows the plots of G/I versus G and In (I) versus (V-IRs )
for as-grown samples. Similar procedure was used to extract the diode parameters

of all samples investigated in this thesis.
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Figure 5.3: (a and b) plots of G/I versus G obtained from I-V curves at room
temperature for forward bias conditions for both samples. These plots were used to
determine the ideality factors. (c and d) plots of In (I) versus (V — IR;) for both
samples are used to obtain @s. R? values, which are given in each figure, give a
measure of how close the data are to the fitted regression line. R? is always between

Oand 1.
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The semi-logarithmic I-V characteristics of the GaAsPN based solar cell structures
at room temperature are illustrated in Figure 5.2. Figure 5.4 (a and b) shows the
temperature dependence of the ideality factor and built-in potential barrier
calculated from the 1-V curves for samples grown with different P/Ga flux ratios

over the temperature range 260 K - 360 K.
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Figure 5.4: Temperature dependence of (a) Ideality factor (n); (b): the built-in
potential barrier (¢ps) calculated from forward I-V curves of p-i-n GaAsPN based
solar cells grown with different P/Ga flux ratios. The errors bars for both n (An~+

0.03) and ¢5 (A¢ps = ~x 0.001eV) were not added as the errors were too small.
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From Figure 5.4(a) the ideality factor (n) of both samples increases with decreasing
temperature. Similar behaviours have been reported by many researchers [18] [19].
This is due to the fact that the current transport across the p-i-n interface is a
temperature activated process [20]. For all samples, the values of the ideality factor
are greater than unity, and these higher values can be attributed to the generation —
recombination currents, interface states, and the series resistance effect [21, 22].
However, as the P/Ga flux ratio increases from 5 to 21, the ideality factor decreases.
This could be due to the creation of more electron traps at the dislocation sites [23].
It is important to point out that when the deality factor is greater than 1 the
conduction process of the diode has both thermionic emission and field emission
component. Both thermionic and field emissions dominate the conduction for
samples grown at low and high P/Ga ratios. As can be seen in Figure 5.4(a), the
ideality factor of the diodes decreases when the P/Ga ratio increases from 5 to 21
evidencing that higher /111 ratios generate more electron traps at the dislocation
sites and could not contribute in the quantum tunneling and other transport

processes making the thermionic emission transport process dominant.

The built-in potential barrier values were calculated from I-V measurements of both
samples grown with different P/Ga flux ratios, as shown in Figure 5.4(b). The
values of built-in potential barrier increase as the temperature increases. Similar
phenomena have also been reported by other researchers [18, 24]. This is due to the
effect of barriers inhomogeneities at the p-i-n interface [25]. The values of the built-
in potential barrier of p-i-n GaAsPN based solar cell increase as the P/Ga flux ratio

increases from 5 to 21, as clearly seen in Figure 5.4(b).
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5.3.2 C-V MEASUREMENTS

Figure 5.5(a) shows the C-V characteristics of the GaAsPN based heterostructures
grown with different P/Ga flux ratios (5 and 21). Figure 5.5(b) displays the plot of
1/C? vs V for both samples at room temperature. From the slope of the best fit to
the plot 1/C? versus reverse bias, the free carrier concentration (N4) was obtained

for both samples at room temperature (see Chapter 4, Section 4.1.2). The linearity

of these plots indicate that the doping is uniform.
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Figure 5.5 : (a) Plots of C-V characteristics; (b): 1/C? vs V plots for GaAsPN-
based heterostructures grown with different P/Ga flux ratios. The solid blue lines

represent the best fit of the 1/C? vs V plots.
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The net acceptor concentration was calculated to be 3.01 x 107 cm™3 and 5.58
x 10Y7cm™3 for samples grown with V/III flux ratios 5 and 21, respectively. The
sample grown with the higher V/III flux ratio exhibits a higher value of net acceptor
concentration, as compared with the sample that was grown with low V/III flux
ratio. This increase in the free carrier concentration is probably related to impurity

and native defects [26]. This will be confirmed in the DLTS section.

5.3.3 DEEP LEVEL TRANSIENT SPECTROSCOPY (DLTYS)
AND LAPLACE DLTS CHARACTERISITICS OF GaAsPN
DIODES GROWN WITH DEFERENT V(P)/111(Ga) FLUX
RATIOS

DLTS and Laplace DLTS measurements were carried out on p-i-n GaAsPN devices
in order to study the electrically active defects, and to resolve the broad peaks in
the DLTS spectra, respectively. The parameters that were used for these
measurements are a reverse bias voltage Vg = —4 'V, a filling pulse Vp= 0 V, with
a duration of t,=1 msec, and a rate window of e,=200 s~'. The scanning
temperature range was from 75 K to 450 K. Figure 5.6 shows DLTS signals for

both samples grown with different flux ratios.
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Figure 5.6: DLTS spectra of GaAsPN heterostructures grown with different flux
ratios using reverse bias of -4 V, rate window of 200 Hz, filling pulse V=0 V. Filling

pulse duration is t,=1 msec.

From the above spectra it can be seen that the samples grown with low and high
P/Ga flux ratios show two (L1 and L>) and three (H1, H2 and Ha) traps, respectively.
It is important to note that all the DLTS signals are positive indicating that the
defects are majority carriers traps, i.e. hole traps since the GaAso.1Po.soNo.o1 layer is
p-type doped. L and H refer to samples grown with low and high flux ratios,
respectively. As shown in Figure 5.5, L> and Hz traps, which have been observed in
the temperature range ~275 K - 325 K and ~350 K - 380 K, respectively, could be
of the same nature as they have similar activation energies. L1 and H; detected in
the temperature range 150 K - 200 K could also have the same origin, i.e. similar
defects in both samples. The Hstrap detected in the temperature range ~ 325 K -

350 K was present only in the sample grown with high P/Ga flux ratio.
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The activation energies, capture cross-sections, and trap concentrations were

obtained from Arrhenius plots of In(en/T?) versus 1000/T, as shown in Figure 5.7,

and are given in Tablel.
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Figure 5.7: Arrhenius plots of the traps detected in both samples using the

experimental parameters: V, = -4V, Vp =0V, duration of filling pulse tp= 1ms

and rate window of 200 s~ 1.

Table 5.1: Summary of activation energies, capture cross-sections, and

concentrations of the hole traps detected in both samples for Vy, =-4V, V, =0V,

duration of filling pulse tp= 1ms and rate window of 200 s~ 1.

BEPratio | L; | 0.04740.001 2.2x101* 7.5x10721
P/Ga=5

L, 0.1140.01 2.3x10 5.2x107%1
BEPratio | H; | 0.080+0.003 2.0x10%° 2.5x10722
P/Ga= 21

H, 0.10+0.01 1.5x10%° 1.2x10722

H, 0.20+0.01 2.2x10%° 4.2x10722
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Deep and shallow hole traps were observed in both samples within the temperature
range of 80 K - 450 K. The L, and H> deep hole traps have activation energies of
0.11eV and 0.10 eV, respectively. Abulfotuh et al investigated nitrogen-doped p-
GaAs thin films grown by MOVPE using DLTS technique [27]. It was found that
the presence of N creates a high density of shallow hole traps related to the N atom
and structural defects in the devices. Two major hole traps, namely HN1 (0.13 eV)
and HN2 (0.16 — 0.22 eV) were observed. The activation energy of HN2 was
dependent on the concentration of N. It was argued that the density and energy level
of HN2 is affected by the presence of C impurities, which could form C-N complex
states. It is important to note that the holes traps L> and Hj, detected in p-
GaAso.1Po.goNo.o1 samples studied in this work have similar activation energies and
could be of the same origin. In addition, Suzuki et al studied the effects carbon and
hydrogen atoms on the electrical properties of GaAsN films grown by Chemical
Beam Epitaxy (CBE) [27, 28]. Two acceptor levels (A1=0.13 eV and A2= 0.055
eV) were reported in the GaAsN films. They assigned these traps to N-H
complexes which behave as acceptors in the GaAsN films.

Both samples exhibit shallow traps, which are L1 and Hi, with activation energies
of 0.047 eV and 0.08 eV, and concentrations of ~2.2x10'* cm and ~2.0x10%> cm"
3, respectively. The origin of these traps could be assigned to intrinsic point defects.
Rumyantsev et al. studied p*-n junctions based on GaP/GaPN and GaP/GaPi-x-
yAsxNy quantum well (QWSs) heterostructures grown on n+ GaP (100) substrates by
MOCVD using C-V and DLTS techniques [29]. Their results revealed intrinsic
defects with deep levels of 0.17 eV and 0.08 eV only in the structures with GaPN
QWs. They believed that the intrinsic point defects appear because of the large

lattice mismatch between GaP and GaPN. It was shown that the defect
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concentration in GaPAsN QWs structures is at least two orders of magnitude
smaller than in the structures with GaPN QWs. This effect was explained by the
fact that the substitution of V-Group atoms by As atoms compensates for elastic
stresses occurring during the epitaxial growth of the N containing layers and
eliminates the defect formation. It is therefore concluded that GaPAsN quaternary
alloy is a more promising material for use in LEDs, solar cells, semiconductor
lasers, and other devices. The 0.08 eV reported by Rumyantsev et al. could be
related to Li and Hi traps detected in GaAso.iPosoNooi solar cell devices
investigated in this work [29].

The Hz hole trap with actvation energy of 0.20 eV is present only in the sample
grown with high flux ratio. Hz has an energy close to the H> trap (0.16 eV-0.40 eV)
reported by Choi at al. [30] in p*-GalnAs/n-GaAs devices grown by MBE using
DLTS technique. They observed two hole traps H1 (0.64 eV ) and H2 (0.16 eV-
0.40 eV) and they suggested that they could be related to mismatch-induced
interface defects. In addition, they reported that the concentration of H2 trap
increased as the in-plane mismatch increased, i.e. as the In composition increased.
mismatch.

V. Polojarvi at al. [31] studied the effects of V/IIl flux ratios on defects and
photovoltaic performance of GalnNAs-based solar cells grown by MBE. The V/III
BEP ratio was varied from 6 to 9 by changing only the As flux while all other
growth parameters were kept constant. They observed a linear dependence between
defect densities, photoluminescence peak intensity and the flux ratio. They reported
aconsiderable increase in solar cell performance with a maximum external quantum
efficiency of 90% when the growth conditions were kept close to the stoichiometric

limit, i.e. for a BEP flux ratio of 6. In this work, the sample grown with /111 flux
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ratio of 21 showed defects with concentrations about one order of magnitude higher
than those of the sample grown with V/I11 flux ratio of 5. It is therefore expected
that GaAsPN-based solar cells grown with V/III flux ration close to the

stoichiometric limit (i.e. /111 flux ratio closer to 1) have higher efficiencies.

54. EFFECT OF RAPID THERMAL
ANNEALING ON ELECTRICAL PROPERTIES
OF  GaAsPN-BASED  SOLAR  CELL
STRUCTURES GROWN WITH DIFFERENT
V(P)/I11(Ga) FLUX RATIOS.

Post-growth treatments, such as thermal annealing, are well known to reduce the
concentration of defects, annihilate and passivate completely defects. It is therefore
important to study the effect of the thermal annealing on the electrical properties of
GaAsPN heterostructures grown with different flux ratios in order to understand the
influence of the growth conditions. Rapid thermal annealing (RTA) was performed

as described in Section 2.

54.1 1I-V CHARACTERISTICS

Figures 5.8 and 5.9 illustrate the I-V characteristics at room temperature for p-i-n
GaAsPN based solar cells grown with flux ratios 5 and 21 before and after
annealing, respectively. As can be seen from Figures 5.8 and 5.9, the leakage
currents for both samples decreased after annealing as compared with as-grown
samples. The decrease of the leakage current after annealing, could be attributed to
the decrease of the number and/or concentration of defects which act as generation
recombination centres [12]. Similar behavior of the lower leakage current after

annealed was observed by Xie et al [32] in their study of annealed Be-doped
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InGaAsN samples. They showed that the leakage current of the annealed samples
was 2-3 orders of magnitude lower than that of the as-grown diodes. They
attributed this decerease in the leakage current to the decrease of the defects

concentrations.
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Figure 5.8: Room temperature semi-log I-V characteristics of p-i-n GaAsPN

heterostructures grown with P/Ga flux ratio = 5 before and after annealing. The
inset shows linear 1-V characteristics from where the turn-on voltage is determined.
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Figure 5.9: Room temperature semi-log |-V characteristics of p-i-n GaAsPN
heterostructures grown with P/Ga flux ratio = 21 before and after annealing. The

inset shows linear 1-V characteristics from where the turn-on voltage is determined.

Therefore, the thermal annealing method is an effective way to improve the
electrical properties of the devices. A reduction in the concentration of defects and
/or their transformation could be attributed to this improvement. The effect of the
heat treatment on the defects will be further investigated using DLTS
measurements. Moreover, as can be seen from Figures 5.8 and 5.9 the turn—on
voltage (Von) increases when the samples are annealed. Von increases from 1 V to
1.1V and from 1.2 V to 1.3 V after annealing the samples grown with flux ratio 5
and 21, respectively. This increase in turn—on voltage after annealing could be
related to the increase of the excess capacitance due to interface states [33]. The I-

V characteristics as a function of temperature (260 K-360 K) were measured for all
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samples in order to determine the parameters of the diodes such as ideality factor

(n) and built-in potential barrier (¢n).

The I-V curves could be described by the thermionic emissions (TE) model as given

by equation (5.1) in previous section. Figure 5.10 shows the temperature dependence of
the ideality factor calculated from the semi-logarithmic I-V curves for as-grown and annealed

samples over the temperature range 260 K- 360 K. For both samples grown with different
V(P)/111(Ga) flux ratios before and after annealing, it is evident that the ideality
factor (n) increases with decreasing temperature. Similar behaviours have been
reported by other researchers [19, 32]. This is due to the current transport across the
p-i-n interface which is a thermally activated process [20, 34]. For all samples in
the temperature range 260 K - 360 K, the values of ideality factor are greater than
unity. This behaviour can be attributed to the generation-recombination mechanism,

interface states and barrier height inhomogeneities [35].
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Figure 5.10: Ideality factors (n) were calculated from forward I1-V curves for as-
grown and annealed samples grown with P/Ga flux ratios (a) 5 and (b) 21. The

errors bars were not added as the errors were too small (An= ~% 0.03).

From Figure 5.10 it can be seen that the annealed samples have lower ideality factor
values than the as-grown samples suggesting that the annealed samples are closer
to ideal solar cell diodes than the as-grown devices. The values of the built-in

potential barrier (@,) calculated from the I-V characteristics of as-grown and

annealed p-i-n GaAsPN based solar cells are shown in Figure 5.11.
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Figure 5.11: Built-in potential barriers (@,) were calculated from forward 1-V
curves for as-grown and annealed samples grown with P/Ga flux ratios (a) 5 and
(b) 21. The errors bars were not added as the errors were too small (A@;, =~+0.001
eV).

The built-in potential barrier (¢n) increases with increasing temperature for both
samples before and after annealing. However, for the sample grown at P/Ga flux
ratio = 21 the built-in potential energy barrier is not affected appreciably by the heat
treatment as compared with the sample grown with V/I11=5 where the built-in
potential energy barrier increases after annealing. This temperature dependence of
the built-in potential barrier is due to the effect of barrier in-homogeneities at the p-

I-n interface [25].

54.2 C-V MEASUREMENTS
Figure 5.12 (a,b) shows plots of 1/C? versus V characteristics of the GaAsPN

heterostructure samples grown with different V/III flux ratios before and after

annealing. These are used to determine the free carrier concentration of GaAsPN
devices. The net acceptor concentrations were calculated to be 3.01x10% cm™ and

5.58x10%" cm™ for the as-grown samples with flux ratios 5 and 21, respectively.
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After annealing the free carrier concentration was found to be 3.87x10!" cm for
GaAsPN solar cells devices grown with low ratios 5. For samples grown with high
flux ratio 21, the free carrier concentration is found to be non-uniform and there are
two different free carrier concentrations of 6.56x10'’ cm™ and 9.89x10%" cm™. The
annealed samples have higher values of free carrier concentration than the as-grown
devices. This increase in the free carrier concentration could be attributed to a de-

passivation of acceptors during thermal annealing [32].
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Figure 5.12: Room temperature 1/C? vs V plots for as-grown and annealed
GaAsPN based solar cell samples grown with a flux ratio of (a) 5 and (b) 21. The
solid lines represent the best fit of the 1/C? vs V plots.
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5.4.3 DLTS AND LAPLACE DLTS MEASUREMENTS

The parameters that were used for the DLTS measurements are a reverse bias
voltage Vr=-4 V with Vp= 0V, afilling pulse width ¢,=1 msec, and a rate window
of e,=200 s~1. The scanning temperature range was from 75 K to 450 K. Figure
5.13 shows DLTS signals for both as-grown and annealed samples grown with

different V(P)/111(Ga) flux ratios.
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Figure 5.13: DLTS spectra of GaAsPN based solar cells using a reverse bias Vr=-
4V, a rate window of 200 Hz, a filling pulse Vp=0 V and filling pulse duration
tp=1msec before and after RTA for samples grown with VV(P)/111(Ga) flux ratio (a)
5 and (b) 21, respectively.
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It can be seen from Figure 5.13 (a) that the sample grown with low V/I1I flux ratio
of 5 exhibit two hole traps before and after annealing labelled as Li@s) and Lags),
and Lsgan) and Lagan), respectively. The subscripts (as) and (an) referef to as-grown
and annealed samples, respectively. For the sample grown with high V(P)/l111(Ga)
flux ratio of 21 (Figure 5.13 (b)), the annealed and as-grown samples exhibit each
three holes traps (DLTS signal is positive) labelled as Hagn), Hs@n), and Hz(n), and
Hi@s), Ho@s) and Hss), respectively. In addition, the negative DLTS signal Hegan)
detected in the anneled sample grown at high flux ratio is due to an electron trap. It
is worth mentioning that the hole traps Ho(s) and Hs(as) are annihilated after the RTA
process. As seen in Figure 5.13 (a,b), Lis), L3(an), His) and Haen) traps, which are
detected in the temperature range 150 K - 250 K could have the same nature.
Similarly, Logas), La@n) and Hags) detected in the temperature range 300 K- 380 K
could originate from the same defect. The activation energies, capture cross-
sections, and trap concentrations were obtained from Arrhenius plots of In(en/T?)
versus 1000/T, as shown in Figure 5.14 and 5.15, and are given in Table 5.2 and

5.3.
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Figure 5.14. Arrhenius plots obtained from Laplace DLTS of as-grown and

annealed GaAsPN based solar cells grown with V/III flux ratio= 5.
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Figure 5.15. Arrhenius plots obtained from LDLTS of as-grown and annealed
GaAsPN based solar cells grown with V/III flux ratio= 21.
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Table 5.2. Summary of traps activation energies, capture cross-sections and
concentrations of as-grown and annealed p-i-n GaAsPN based solar cells grown
with V(P)/111(Ga) flux ratio= 5.

As-grown | Lias) | 0.04740.001 2.85x10%° 7.5x10721
Lo@s) | 0.1110.01 2.3x10%° 5.2x10721
Annealed | Li@n | 0.04240.002 [ 2.41x10%* 1.45x10723
Laan) 0.16+0.01 3.42x10* 1.02x10~22

Table 5.3. Summary of traps activation energies, capture cross-sections and
concentrations for as-grown and annealed PIN GaAsPN based solar cells grown
with V(P)/111(Ga) flux ratio= 21. All the defects are hole traps (majority charge

carrier traps) except He@nywhich is an electron trap (minority charge carrier trap).

Hies | 0.080+0.003 2.0x1015 2.5x10722
As-grown

Hoas) 0.10+0.01 1.5x101° 1.2x10722

H3(as) 0.20+0.01 2.2x101 4.2x10722

Hagny | 0.054+0.002 2.74x101* 3.17x10~21
Annealed | Hst 0.38+0.03 1.05x10%5 3.73x10~17

Hé(an) 0.50+0.02 1.98x10%> 1.37x10716

H7(an) 0.69+0.03 7.53x10% 1.26x1071°
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Shallow and deep traps were observed in the annealed and the as-grown samples
grown with different V(P)//111(Ga) flux ratios in the temperature range 150 K —
450 K. It is worth pointing out that for samples grown with flux ratio 21, four traps
were observed after annealing while only three defects were detected in as-grown
samples. However, for samples grown with flux ratio 5 the number of traps did not
change after annealing. The tentative origin of the defects observed in the solar cell
samples before annealing were explained in the previous section. The annealed
sample grown with high flux ratio showed new deeper level hole traps namely Hs,
H7 and one electron trap He with activation energies of 0.38eV, 0.69eV and 0.50eV,
respectively. To identify the origin of trap Hs, it was found that its activation energy
and peak temperature are identical to those of the hole defect HT2 (0.39 eV) which
was observed by Xie et al [32] who investigated the effects of thermal annealing on
deep-level defects in Be-doped InGaAsN structures grown by solid source
molecular-beam epitaxy (SSMBE). They suggested that this trap could be
associated with arsenic vacancy-type defects which were created during the
annealing process. The electron trap Hes which appeared after annealing could be
of the same origin as electron trap ET3 (0.41 eV) which was attributed to nitrogen-
related defects in InGaAsN materials [32]. The hole trap H7 (0.69 eV) has an
activation energy closer to the hole trap H2 (0.62 eV) that was detected by DLTS
by Ashizawa et al. [36] in p-type InGaAs grown by MBE and they suggested that
it could be related to Fe impurities originating from the Liquid Encapsulated
Czochralsk (LEC) GaAs substrate. Schaff et al studied the effect of superlattice
buffer layers on the electrical characteristics of GaAs power metal-semiconductor
field-effect transistors (MESFET’s) grown by MBE using DLTS and Hall

measurements, It was found that the Fe concentrations and the related HL3 hole
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trap concentration were reduced when a superlattice buffer layer is used [37],
resulting in improved device performance. It is thought that the high concentration
of Fe from the LEC GaAs substrate is responsible for this defect. It is worth
mentioning that undoped LEC grown GaAs substrates have higher Fe

concentrations than in Cr doped semiinsulating substrates.

5.5. Summary
-V, C-V, DLTS, and Laplace DLTS techniques were used to investigate the

influence of the V(P)/III(Ga) flux ratio and the effect of rapid thermal annealing
on the electrical properties of GaAsPN based solar cells grown by molecular beam
epitaxy. Shallow and deep traps were detected in both samples before and after
annealed. The electrical properties of GaAsPN devices such as ideality factors
changed when the V/III flux ratio changed.This can be attributed to the increase or
decrease of the number of defects and concentration values. By using the thermionic
model, the values of ideality factors were calculated from I-V characteristics. It
was observed that the ideality factor increases with increasing temperature.
Additionally, the annealed samples showed an ideality factor lower than the as-
grown samples. The C-V characterisitcs showed that the doping concentration at
room temperature is uniform for all samples except the samples grown with high
flux ratio after annealing, and the free carrier concentrations and turn-on voltage
increased after rapid thermal annealing. DLTS and LDLTS techniques were used
to investigate the electrically active defects in all samples. Two traps have been
detected in the sample grown with flux ratio 5 whereas three traps have been
observed in the sample grown with flux ratio of 21. After annealing two hole traps

H5 and H7 and one electron trap H6 were observed in the sample grown with high
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P/Ga flux ratio. However, for samples grown with flux ratio of 5 the number of
traps did not change after annealing. However, the concentrations of all defects

decreased after postgrowth thermal annealing treatment.
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CHAPTER 6: INVESTIGATION OF THE
EFFECT OF GaAs SUBSTRATE
ORIENTATIONS AND InGaP DOPING ON THE
ELECTRICAL AND OPTICAL PROPERTIES OF
InGaP-BASED SOLAR CELL STRUCTURES

In this chapter, the effects of the GaAs substrate orientation and InGaP doping on
the electrical and optical properties of p-i-n InGaP-based solar cell structures have
been investigated using Current density-voltage (J-V), capacitance-voltage (C-V),
Deep Level Transient Spectroscopy (DLTS), Laplace DLTS, SILVACO TCAD

(technology computer aided design), and Photoluminescence (PL).

6.1 INTRODUCTION

I11-V semiconductor alloy systems have been extensively investigated as efficient
light emitters and absorbers [1-3]. Because of its large direct bandgap of 1.9 eV and
superior radiation resistance, InGaP has been regarded as a promising material
choice for space and concentrated photovoltaic applications. High performance
photonic, optoelectronic and high reliability electronic devices based on
InGaP/GaAs have been fabricated previously [4, 5]. However, depending on the
growth conditions and substrate orientation, CuPtB-type ordering can appear in
lattice matched InGaP-on-GaAs layers [6, 7]. Transmission electron diffraction
(TED) technique has revealed that such ordering typically occurs on (111)B and

(111) planes in InGaP epilayers, which is called CuPt B-type ordering [8].
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Furthermore, localization and delocalization of carriers may simultaneously exist
due antiphase boundaries (APBSs) at the boundary of ordered domains since they
are commonly created by this dual variant ordering [9], which has been shown to
produce a pronounced impact on the electrical and optical properties of materials
[10, 11]. These effects have been studied extensively using optical techniques such
as photoluminescence spectroscopy (PL) [12, 13]. Particularly, a previous study
reported a charge accumulation at the InGaP/GaAs interface due to unknown
defects, resulting in a parallel conduction channel [3]. In addition, it was suggested
that an unstable surface due to the presence of defects, for example P desorption,
can deteriorate the InGaP surface and leads to a degradation of its properties [3].
In general, defects can have a significant impact on devices’ performance.
Therefore, investigating defects (deep and shallow) is critical for the future of
manufacturing devices [14]. In this regard, deep level transient spectroscopy
(DLTS) is a powerful technique to investigate electrically active defects in
semiconductor materials and devices [15].

In this study, DLTS technique has been used to investigate electrically active
defects present within the bandgap of InGaP grown by metalorganic chemical
vapour deposition (MOCVD) method. In addition, capacitance-voltage
measurements were used to determine the free carrier concentration. Furthermore,
current-voltage characteristics were analyzed and modelled using SILVACO
TCAD (technology computer aided design) to understand the transport mechanism
in devices based on InGaP (undoped and n-doped) grown on different GaAs
substrates. Moreover, PL was used to investigate their optical properties. The PL
spectra have shown different emission peaks associated with excitonic, free carriers

transitions in fully disordered InGaP and spatially indirect transition in ordered
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domains, involving electrons at donors and photoexcited holes. Furthermore, the
PL spectra, which were also affected by distinct degree of atomic ordering between
the samples, showed higher ordering domains for the n-doped InGaP sample grown
on tilted substrate orientation than the n-doped InGaP sample grown on exact (100).
In addition, a reduced ordering was observed in the n-doped InGaP sample as

compared to the undoped InGaP sample grown on exact (100).

6.2 EXPERIMENTAL DETAILS

The crystal growth process was carried out in a planetary MOCVD reactor
(AIXTRON, AIX2000) equipped with Laytec Epicurve DA-IR-T in-situ optical
system. Trimethylgallium, trimethylindium, tertiarybutylarsine and
tertiarybutylphosphine were used as sources for Ga, In, As, and P, respectively. p-
type and n-type epitaxial layers were doped with Zn and Te using dimethylzinc and
diethyltelurium dopants, respectively. During the growth, the reactor pressure was
set at 100 mbar and the substrate temperature was 560 °C. p-type GaAs (100)
substrates (1x101° cm™3 Zn — doped) with exact orientation and 2° off towards
(111)B were used in this work as illustrated in Figure 6.1. The growth rate of GaAs
and InGaP were 27 nm/min and 21 nm/min, respectively. V/III ratios during growth
of both materials were 20. Ag/Au and AuGe/Au were utilized for Ohmic contacts
to p-GaAs and n-GaAs, respectively. Reflection High Energy Electron Diffraction
(RHEED) technique, which was used to monitor the growth process and determine
In/Ga compositions, provided evidence of the crystallinity of the investigated

structures.
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(111)B substrate

Ag/Au Ohmic contact Ag/Au Ohmic contact Ag/Au Ohmic contact

() ) ©
Figure 6.1: Schematic diagrams of the solar cell structures grown on GaAs
substrates with different orientations (a) n-i-p device grown on exact (100) (S1
sample: i-region undoped Ing.48Gaos2P); (b) p-n-n device grown on exact (100) (S2
sample: i-region n-doped INo.4sGaos2P); (c) p-n-n device grown on 2° off towards

(111)B (S3 sample: i-region n-doped Ino.4sGao.s2P ).

The PL spectra of the samples were investigated as a function of laser power and
temperature using a Janis closed-loop helium cryostat. The samples were excited
with a 532 nm (2.33 eV) CW (continuous wave) DPSSL (Advanced Diode-Pumped
Solid-State) laser with a laser spot diameter on the sample of around 400 um. The
PL signal was collected using a 500M Spex monochromator coupled with a GaAs

photomultiplier with water-cooled thermoelectric cooler.

6.3 PHYSICAL MODELS

SILVACO TCAD [16] was used to model the heterojunctions shown in Figure 6.1.
TCAD solves the basic drift-diffusion semiconductor equations, Poisson and
continuity equations and include thermionic and tunnelling above and through the

heterojunction, respectively [17-19].
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Poisson equation is given by [17-19] :
div(eVy) = —q(p—n+ Ny — Ny + N ) (6.1)

where i is the electrostatic potential, € is the permittivity, p and n are free holes
and electrons concentrations, respectively, N (N,) is the donor (acceptor) doping

density and N is the ionized traps density.
The continuity equations for electrons and holes defined in steady states are given
by [17-19]:

0= %div]: +G,—R, (6.2)

1,. 7
0= _Edw]” + G, — R, (6.3)
where G, and G, are the generation rates for electrons and holes, R,, and R, are the
recombination rates for electrons and holes. fn and fp are the electron and hole

current densities which are given in terms of quasi-Fermi level (¢,, and ¢,) and

mobility (u,and p,) as [16-18]:

jn = —quanVoy (6.4)

jp = _Q.uppvd)p (6.5)

Traps are represented by their ionized density N;*. The sign + depends on whether

the trap is a majority or a minority charge carrier so that N/ = fN, and N7 =

opn+opp

on(nt+ny)+op(+pe)’

(1 - f)N,, f is the occupancy function given by f =

On(p) is the
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trap capture cross-section for electrons (holes). Furthermore, the recombination rate

is related to traps through the well-known Shockley-Read-Hall (SRH) formula:

—n?
Rnp = r0n<p+:3+:$p(n+nt) (6.6)
with
n, = niexp (— EEE2) (6.7)
and
p. = ngexp (- EE22) (6.8)

where 74, and 7, are the minority carrier lifetimes which are also related to traps
through:

1

(6.9)

T = —-—
on() Vehn(p)n(p)Nt

where vpn(p) is the thermal velocity of electrons (holes).
In addition, the tunnelling via dislocation current can be modelled with a hopping

model, which is given by:

J=Np.q.np.\.E (6.10)

where Ntp is the dislocation density, g is the elementary charge, np is the linear
carrier concentration along the dislocation, [ is the electron mobility, and E is the

electric field.
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6.4 RESULTS AND DISCUSSION

Current density-voltage (J-V), capacitance-voltage (C-V), DLTS and Laplace
DLTS techniques were performed in order to investigate the electrically active
defects and extract some important parameters of the InGaP-based solar cell

structures investigated in this work.

6.41 EFFECT OF GaAs SUBSTRATE ORIENTATION ON
CURRENT DENSITY

Figure 6.2 (a) shows room temperature semi-logarithmic and linear J-V plots of S1,
S2 and S3 samples. From the room temperature J-V characteristics it is clear that
there is a reduction in the leakage current density in the undoped devices as
compared to the doped devices. However, the doped sample (S3) grown on (100)
2" off towards (111B) has the highest dark current density at all reverse bias voltages
amongst all devices. The decrease or increase in the leakage current could be (i)
attributed to a decrease or increase of the number of defects and their
concentrations, which will be investigated further using DLTS experiments and/or
(i1) related to the domination of new transport mechanisms such as tunneling via
dislocations as will be discussed in the modeling section. Moreover, from the linear
J-V characteristics shown in Figures 6.2 (b and c), the device grown on (100) 2°
off towards (111)B substrate has a turn-on voltage (Von) of 1.15 V, which is higher
than the Von 0f S1 (0.61 V) and S2 (0.68 V) devices.This behaviour can be explained
by the creation of new defects states which increase the carrier trapping effect or
could be related to charge carrier trapping by dislocations [20]. However, the

undoped samples grown on exact (100) (S1) have the lowest Von of ~0.61 V.
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Furthermore, a high forward current was obtained for S3 sample in comparison with
the other samples as shown in Figure 6.2 (a). The high increase in forward current
may indicate the activation of new transport mechanism as will be discusscussed in

the simulation part.
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Figure 6.2: Room temperature (a) Semi-log plots of dark J-V characteristics for all
samples and, (b) and (c) linear plots of J-V characteristics of samples S1 and S2,

and S3 sample, respectively.

J-V measurements as function of temperature have been carried out for all samples
in the range of 200-400 K (with 20 K intervals) to extract the diode parameters. By

using a general diode model, the current—voltage relationship is as follows [21]:
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J = Jolexp (FEL£2) — 1 (6.11)

Js = AA*T? exp (%;b) (6.12)
where q is the elementary charge, n is the ideality factor, k is Boltzmann’s constant,
T is the temperature, g, is the built-in potential barrier, Rs is the series
resistance. A*is the effective Richardson’s constant (A* = 14.1 Acm?K? for
InGaP) [22]. Furthermore, the effective areas of the diodes A are: 4 =1.96 x 1073
cm? for undoped InGaP grown on exact (100) (S1), A = 7.85 x 103 cm? for n-
doped samples grown on exact (100) (S2) and (100) 2° off towards (111B) (S3).

The room temperature ideality factor (n) and the built-in potential (@) for all
samples, which were determined by using the method developed by Werner [23] as

described in Chapter 5, section (5.3.1), are summarised in Table 6.1.

Table 6.1: ldeality factor (n) and built-in potential (@, ) at room temperature for
all samples

Sample ideality factor built-in potential (g,
(n) (eV))
Undoped InGaP grown on 2.16 +£ 0.01 0.840 + 0.001
exact (100) (S1)
n-doped InGaP grown on 1.55 + 0.04 0.910+ 0.006
exact (100) (S2)
n-doped InGaP grown on 2.05 1+ 0.04 0.660 + 0.001
(100) 2-degrees off
towards (111)B (S3)
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As Table 6.1 shows, n-doped InGaP sample grown on exact (100) GaAs (S2)
substrate has the lowest ideality factor (n=1.55) as compared to S1 (n=2.16;
undoped InGaP grown on exact (100)) and S3 (n=2.05; n-doped InGaP grown on
(100) 2° off towards (111)B samples. The temperature evolution of n is shown in
Figure 6.3. The ideality factors are high at low temperature and decrease as the
temperature increases. The increase in ideality factor with the decrease in
temperature is related to the domination of tunneling transport mechanism [24]. The
same behaviors were also observed by Han et al. [25] in single-junction GaAs
solar cell by means of J-V measurements in the 100—400 K temperature range. They
reported ideality factors of 4.38 and 1.7 at 100 K and 300 K, respectively. Fiat et
al. [26] investigated CdTe-based solar cells and observed that the ideality factor n
decreases from 5.43 at 80 K to 1.4 at 300 K. Ozavci et al. investigated Au/GaAs
Schottky diodes and they obtained ideality factors of 5.43 at 80 K and 1.4 at room-
temperature [27]. Furthermore, the lowest g, was obtained for S3 sample as
presented in Table 6.1. An ideality factor higher than 2 with a low g, compared to
the other samples indicates the domination of tunneling transport mechanism as will

be discussed later.
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Figure 6.3: Temperature-dependent ideality factor of all samples. The solid lines
are guide to the eyes.
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6.42 EFFECT OF GaAs SUBSTRATE ORIENTATION ON
CAPACITANCE -VOLTAGE CHARACTERISTICS

C-V measurements at room temperature have been carried out for all solar cells
samples in order to calculate the free carrier concentrations. As figuer 6.4 hows,
undoped-InGaP grown on (100) exact GaAs substrate (S1) has the highest
capacitance while sample grown on (100) 2° off towards (111)B (S3) has the lowest
capacitance. The free carrier concentrations, Ng, for all samples were calculated
using the slope of the best fit of the plot 1/C? versus reverse bias (V), as shown in
Figure 6.5. The doping concentration is found to be uniform for all doped samples
as evidenced by the linear behaviour of the plot of 1/C? versus V, except for the n-
doped InGaP grown on exact (100) substrate sample (S2) which has a non-uniform
free carrier concentration. The free carrier concentration is ~9.23 x 10!’ cm™ and
~3.15 x 10 cm™ for S1 and S3 samples, respectivly. For S2 sample, the free
carrier concentration is non-uniform and there are three different free carrier
concentrations. From 0to -1V Nd ~ 1.30 x 10 cm3, from -1 to -2V Nd ~2.45
x 10 cm? and from -2 to at -4V Nd = 4.30 x 10cm™. This non-uniform
electron profile is also evidenced from electrochemical capacitance-voltage
measurements as shown in Figure 6.10 and will be also discussed in the modelling

section.
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Figure 6.5: 1/C? versus reverse applied bias plots at room temperature for (a)
undoped InGaP grown on exact (100) (S1), (b) sample grown on (100) 2° off
towards (111B) (S3) and (c) n-doped InGaP grown on exact (100) (S2).
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The low capacitance of S3 sample is related to the trapping effect. For this sample
two trap levels were observed while only one trap is detected in the other two

samples S1 and S2, as will be discussed in the defect analysis section below.

6.4.3 DLTS AND LAPLACE DLTS ANALYSIS

DLTS measurements have been performed for all samples, as shown in Figure 6.6,
over the scanned temperature range of 10-450 K with a reverse bias Vr= -4V, filling
pulse height Ve = 0V, filling pulse time tr = 1 msec and rate windows of 200 s.
Very broad peaks have been detected in all samples as shown in Figure 6.6. Laplace
DLTS [28], which is a powerful technique for resolving the broader peaks, has been
used. Laplace DLTS measurements have revealed two traps in sample S3 (Ce and
Chn) whereas one trap has been observed in samples S1 (Ag) and S2 (Eg). The
subscripts E and H refer to electron and hole traps, respectively. It worth pointing
out that in DLTS spectra a positive and a negative peak are associated with electron
and hole traps, respectively. Figure 6.7 illustrates the Arrhenius plots for the traps
in each sample, which have been calculated from Laplace DLTS measurements.

The parameters of all traps in each sample are summarised in Table 6.2.
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Figure 6.6: DLTS spectra for undoped InGaP grown on exact (100) (S1), n-doped
InGaP grown on exact (100) (S2) and n-doped InGaP grown on (100) 2° off towards
(111B) (S3).
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Figure 6.7: Arrhenius plots of the traps depicted in Figure 6.6, where the DLTS
spectra were recorded for all samples with the following parameters: Vr=- 4V, Vp

=0V, and filling pulse tp= 1ms.

Table 6.2: Apparent activation energy, Er, capture cross section, on, and trap
concentration of the defects, Nt, observed in all samples. The DLTS experimental

conditions were: Vr=-4 V, Vp=0 V, and tp= 1 msec.

Activation | Capture Cross- Trap
Sample ] ]
Trap Energy Er | Section (0.,) | Concentration
(eV) (cm?) Nt (cm™3)
undoped InGaP
grown on exact Ac 0.114+0.01 | 7.18x1072° 3.25x1015
(100) (S1)
n-doped InGaP
grown on exact Ee 0.1340.01 | 2.64x1072° 2.80x10*
(100) (S2)
n-doped InGaP Ce 0.104£0.01 | 8.311x107'® | 4.80x10
grown on (100)
0
2" off towards Ch | 02640.02 | 9.45x10720 | 7.82x10'
(111B) (S3)
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As shown in Figure 6.6, traps Ag, Ee and Ce  which are detected in the temperature
range 150 K - 220 K, could have the same nature but the concentration N is
different in the different samples. N; is highest in S3 sample (7.82x10%° cm)
compared to S1 (3.25x10*5 cm)and S2 (2.80x10* cm®) samples.

The Ag, Ee and Ce deep traps have activation energies of 0.11eV 0.13 eV and 0.10
eV, respectively. These values are close to the trap with activation energy of 0.14
eV that was reported by Kwon et.al. [29] in InsGas:P and attributed to the well-
known DX center which is related to deep levels associated with donors in III-V
semiconductors. Moreover, Dharmaras et al. [30] observed an electron trap labelled
E1 with an activation energy of 0.20 eV and concentration of 2.3 x 10% cm? in p-
type InosGaosP solar cells grown by MOCVD. E1 was associated with DX centre.
Furthermore, Sung et al. [31] found a similar DX center in n-type InGaP layers
grown by MOCVD with an activation energy of 0.13 eV in the temperature range
150 K to 200K.

The hole trap Cn with energy of 0.26 eV is observed in the sample grown on (100)
20 off towards (111B) (S3). To our knowledge this trap has not been reported before.
However, this defect could be similar to the one observed by Huang and Wie at the
Al/GalnP interface [32] and which was tentatively attributed to oxygen
contamination, or a vacancy-related defect such as Vin or Vga vacancies.

DLTS measurements employing different reverse biases are usually performed to
control the depletion region width (moving it away or close to the interface) where
the process of trapping and de-trapping of carriers happen.

DLTS measurements have been carried out for all samples at reverse biases Vg = -
1V, as shown in Figure 6.8. The filling pulse height Vr = 0V and the filling pulse

time tp = 1 msec, were kept the same for all measurements. As the reverse bias Vr
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is changed from -4V to -1V, only one trap has been detected in samples S1 and S2,
however, no DLTS signal was detected in sample S3 (sample grown on (100) 2° off
towards (111B)). Table 6.3 shows the trap parameters for Vr=-1 V. Arrhenius plots
for Vr= -1V are presented in Figure 6.9. The traps found at Vr= -1 V have similar
activation energies as those detected at Vr= -4 V whose origin could be related to

DX centers as explained before.
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Figure 6.8: DLTS spectra for samples S1 and S2 at Vr = -1 V. No DLTS signal
was detected in sample S3
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Figure 6.9: Arrhenius plots for samples S1 and S2 obtained from Laplace DLTS at

Vr=-1V.
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Table 6.3: Traps pameters for undoped (S1) and n-doped (S2) InGaP samples
grown on (100) exact GaAs substrates at Vr=-1 V,Vp= 0V and tp= 1 msec.

Activation Caplure Trap
Sample Trap Energy Er Cro.ss- Concentration
V) Section N; (cm™3)
(cm?)
S1 Ale 0.13+£0.02 | 3.03x107%° | 3.37x10%°
S2 Ele 0.17 +£0.01 | 1.26x10718 2.17x104

6.4.4 SIMULATION OF THE EFFECT OF GaAs SUBSTRATE
MISCUT ANGLE AND DOPING OF InGaP SOLAR CELL
STRUCTURE ON THE TRANSPORT MECHANISM

In collaboration with Dr Labed Madani (Sejong University, Seoul, Republic of
Korea), SILVACO TCAD simulator, which is used to understand the conduction
mechanisms in InGaP-based solar cell structures, requires knowledge of the
electron concentration profiles. It is important to note that the main limitation of the
conventional C-V method discussed in the previous sections is the electrical
breakdown voltage of the samples, which imposes limitations on the maximum
measurement depth from the junction of the p-i-n structures. To overcome the
limitations of the conventional C-V technique, the electrochemical capacitance-
voltage (ECV) measurements were performed in collaboration with Dr Hassanet
Sodabanlu (The University of Tokyo, Japan) to characterize the diffusion profile at
various depths. This method was explained in Chapter 4, Section 4.7. The electron
concentration profiles, which were obtained from ECV measurements, are

presented in Figure 6.10 for each sample and are used in the simulation.
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Figure 6.10: Electron concentrations profiles obtained for each sample from

electrochemical capacitance-voltage measurements.

Furthermore, with the consideration of traps characteristics mentioned above and
the assumption that all mentioned trap levels are in the InGaP layer, the first

comparison between simulations and measurements at forward bias are presented

in Figure 6.11.
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Figure 6.11: Comparison between simulations and measurements of forward J-V

characteristics of all samples.
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There is a good agreement between simulations and measurements for S1 and S2
samples. On the other hand, a huge disagreement was obtained for S3 sample. This
deviation may be related to several reasons such as domination of new transport
mechanism.

Li et al. [33] studied the effect of substrate miscut angle on dislocation density in
(AhGalnP buffer layers grown by MOCVD and reported that the larger the miscut
results in larger dislocation densities. Furthermore, Oshima et al. [8] investigated
the effect of substrate miscut on the performance of lattice-matched Ings2Gao.4sP
solar cells grown on (100) GaAs substrates by solid-source molecular beam epitaxy.
They found that the substrate miscut angle affects the InGaP atomic ordering and
impacts the InGaP solar cell performance. According to these observations, one
expects the domination of tunneling via dislocation transport mechanism especially
at low voltages. As shown in Figure 6.12, the effect of dislocation density was
studied. With increasing dislocation density, the tunneling via dislocation current
increases. A good comparison between simulation and measurement for S3 sample

was obtained for a dislocation density of about ~1x10% cm™.
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Figure 6.12: The effect of dislocation density on forward current and comparison

with measurement for S3 sample.
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Figure 6.13: Normalized PL spectra for samples S1, S2 and S3 at (a) 260K and (b)

15K, using 1ImW laser power excitation.

Typical PL spectra at 260K and 15K are shown in Figure 6.13. At high temperature
of 260 K all samples show a broad band peak. On the other hand, all samples exhibit
three bands at 15K denoted as A, B and C for sample S3 spectra (Fig. 6.13(b)).
These spectra are normalized to the peak A, which has the narrowest full width at
half maximum (FWHM) and the highest energy peaks with values of 1.954 eV,
1.970 eV and 1.979 eV for samples S3, S1 and S2, respectively. The lower energy
peak B is located about 30-40 meV below peak A, while the wide peak C is located
at 80 meV below peak A, for all samples. The nature of each emission peak will be

discussed below by analysing PL as function of temperature and laser power.

The InGaP layers grown on GaAs substrates by MOCVD typically suffer from the
CuPt-type ordering, which means a CuPt superlattice structure of alternating In-rich
(Ino 541/2Ga0.5—/2P) and Ga-rich (Ing s—/2Gao s+/2P) layers formed along the [ 1 11]
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and [11 1] directions [34-36]. The formation of this superlattice is commonly
referred to as ordering which is strongly influenced by the growth temperature,
V/III ratio, doping, and surfactant effects [37-41]. When compared to InGaP a
completely disordered alloy (n=0), the partially ordered materials exhibit the
degraded luminescent properties such as a weaker emission intensity, broader
emission linewidth, and slower recombination rate, in addition to the bandgap
reduction [42-45]. The expected bandgap of completely disordered Ing.ssGaos2P
alloy is expected to be 2.01 eV at 5K [46, 47], while the ordering reduces the crystal
symmetry of GalnP and change its electronic band structure, where the conduction
band minimum is lowered and the valence band splits, resulting in a bandgap
reduction for more ordered alloys [48-50]. The ordering parameter of InGaP is
usually not homogeneous. Instead, domains with different degrees of ordering are
formed within a disordered InGaP layer [51], which leads to a spatially fluctuating
bandgap and consequently to a localisation of excited carriers in ordered domains
with lower bandgap energy. The size of these ordered domains has a strong
influence on the PL properties [48], since the recombination of electron—hole pairs
occur in both, carriers quantum-mechanically confined in the superlattice-like
ordered domains and remaining disordered regions. The observation of these two
PL peaks (A and B) separated by 20 meV to 40 meV is a common feature in
partially ordered InGaP layers at low temperature, where peak A and B are typically
attributed to transitions in the disordered regions and ordered domains, respectively
[46, 48-50, 52-54]. The highest-energy peak A is commonly ascribed to free-
exciton transition and its energy is close to the low temperature bandgap of 1.96 eV
to 1.98 eV of disordered InGaP layers [55, 56], corresponding to a degree of

ordering between n=0.1 [57] and n=0.3 [36]. In a partially ordered GalnP alloy,
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local atomic ordering domains of InP/GaP monolayer superlattices are embedded
inside a disordered lattice matrix where Ga and In atoms are randomly distributed.
They may have different periods (sizes), and lead to localized states with deeper
potential energy minima so that carriers prefer to occupy at low temperatures and
exhibiting a dominant luminescence mechanism from the radiative recombination
of carriers within the local atomic ordering domains [58]. It should be noted that
such localized states still have lower potential energy minima compared with the
bandgap of the disordered region. The low-energy peak B typically originates from
spatially indirect radiative recombination of carriers localized at the quantum
confined states by local atomic ordering [52, 59]. The PL peak C could be due to

an LO-phonon replica, for which a 46.8 meV energy separation from the ordered

peak B is predicted [60, 61].
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Figure 6.14: (a) PL spectra for different laser power, (b) PL peak position and (c)
PL Integrated intensity for peaks A and B as function of laser power, for S1 sample
at 15K.

The laser power excitation-dependence of PL was investigated for all samples at
15K in order to understand the nature of the emission peaks A and B. Figure 6.14
shows the typical laser power dependence of the PL spectra (a) only for S1 sample
and the correspondent PL peak position (b) dependence at 15K. As the laser power
increases, the energy of peak B also shows a remarkable blue-shift, whereas the
energy of peak A shows negligible energy shift with increasing laser power. The
blue shift of peak B with increasing excitation power is attributed to the band filling

effect of the localized states by photogenerated carriers in disordered regions. This
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effect was observed for all samples and has been identified previously as the PL
from spatially indirect transitions [52, 59], while peak A which shows that electrons
and holes recombinations are not spatially separated [60], assert the recombination

origin from ordered and disordered of each peak, respectively.

The PL integrated intensity for peaks A and B, at 15K, was plotted as a function of
excitation laser power as shown in Figure 6.14 (c), where a crossover point is
observed around 5 mW and lies in between two different excitation regimes, similar
to that observed in the GalnP epilayers by DelLong et al. [43]. In each excitation
regime alone, the photoluminescence intensities increase according to a simple
power law Ip;, = BPX, . [62]. IpL is the integrated PL intensity and p and k are fitting
parameters. Two k values (k1 and k) for each peak (A and B) were obtained and
plotted as fitting curve using solid and dotted lines. Under low power excitation (k1
regime, where the PL temperature dependence was performed), peak A shows a
value of k1 > 1 indicating that both free excitons and free carriers contribute to the
recombination process and in which parallel radiationless processes participate [60,
62]. Peak B shows a value of ki ~ 0.88 indicating spatially separated recombination
between electrons at donors in the ordered regions and photoexcited holes (D-h)
[60, 62, 63]. However, as Pexc increases to a high-power regime (k2 regime), defect
levels can saturate, leading to a crossover point as observed in Figure 6.14(c). The
peak A obtained value of k2 is <1 and is dominated by free-to-bound and donor-
acceptor pair recombinations, while peak B shows k» is < 0,5 indicating possible

donor to bound recombination [60, 62, 63] .
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Figure 6.15: Temperature dependence of (a) PL peak position A (filled) and B

(open), (b) Arrhenius fitting for peak A.

Figure 6.15(a) shows a typical temperature dependence (T = 15 - 280 K) of PL
peaks (A and B only) from samples S1, S2 and S3. It was observed that peak A
exhibits a monotonic redshift with increasing temperature due to the bandgap
reduction by the thermal expansion of lattices, as expected by typical Varshni
relation. The peak B has a different behaviour. Particularly, this band is only
observed in a limited range of temperature. It has significant PL intensity at low
temperatures, but its intensity decreases when the temperature is increased up to 90
K. For T>90 K, only peak A is observed as shown in Figure 6.13(b). In addition,
the peak B also shows an S-shaped behaviour, i.e. it is red shifted first and then blue
shifted [53, 58]. The anomalous temperature dependence of the ordered peak B is
attributed to the radiative recombination of the carriers in strongly localized states
with lower energies, i.e. quantum confined states created by local atomic ordering

embedded within disordered matrix with larger potential energy [64].
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Table 6.4: Samples doping, ordering degree, fitting parameters and activation

energies E1 and E> obtained from Figure 6.15(b)

nomunal Peak A Peak A ] Iy Ay Ei Ay E:
doping (eV) relative PL
Sample (em?) intensity (meV) (meV)
51 undoped 1.870 /16 027 084 | 4200 | 129 |399500| 5966
52 1x10Y 1.579 1 025|103 | 5.00 698 | 319.00 | 32.86
53 1x10Y 1.954 1115 3] 124 | 358 422 | 29200 | 30.34

The temperature dependence of PL intensity was also analyzed (Figure 6.15 (b))
using a modified Arrhenius equation (6.13), considering two non-radiative

recombination processes, labelled as 1 and 2 in the equation below [42, 53]:

Ip (T) 1
o “Eq1 “Ey (6.13)
1+AlekBT+AzekBT

where IpL is the integrated PL intensity, A: and A, are constants related to the
density of non-radiative recombination centers, E1 and E> are activation energies,
kg is the Boltzmann constant, T the temperature and lo the approximate PL intensity
when T—0. Table 6.4 shows the obtained results of Arrhenius fitting and the
activation energy values for all three samples. The obtained values for lower
activation energies E; range from 4 to 13 meV and are characteristic of trapped
carriers thermalizing from localized regions of order induced band-edge
fluctuations followed by nonradiative recombination. The increase in temperature
enables the carriers to gain sufficient kinetic energy to diffuse to the vicinity of a
nonradiative recombination center [42] in disordered GalnP layers [46]. Moreover,

the E> higher activation energies range from 30 to 60 meV and are suggested to be
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indicative of a deep level trap, arising from possible deep acceptor, neutral impurity

or even a vacancy related defect [42].

The difference in the PL bandgap between the samples at 15K shown in Figure
6.15(a) could be explained in terms of ordering degree, since the alloy fluctuation
composition of In and Ga is the same for all samples [48, 49, 65, 66]. The doped
S2 sample, grown on exact (100) GaAs substrate, shows the highest energy of PL
peak A, as compared with the undoped S1 sample (intermediate) and the tilted
doped S3 sample (lowest). Additionally, it is possible to use low-temperature PL
measurements to estimate quantitatively the long-range degree of atomic ordering
(), which is characterized by (i) the atomic fraction of Ga and In atoms on one
(111)B lattice plane within the ordered domain; (ii) the size; and (iii) the density of

ordered domain, according to the n formula [67]:

Jz.oos—Eg(n)
n= (6.14)

0.471

where Eg(n) represents the bandgap of ordered GalnP characterized by 1 and can
be found from the PL peak energy (peak A) at low temperature regime, and 2.005
eV represents the bandgap value of the nominally fully disordered GalnP epilayer
at the same temperature [49, 68]. The estimated ordering degree resulting values
for each sample is shown in Table 6.4 The ordering degree reduces from sample S1
(undoped) to the less ordered sample S2 (n-doped), and this finding could evidence
a change of the atomic ordering due to doping. The presence of n-type doping
impurities influences the surface stability during the growth and significantly
reduces the dimension of the domains [69, 70] becoming, therefore, less ordered.

In particular, a density of doping impurities of ~10'8 cm could completely destroy
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the ordering, whereas the latter is only reduced in case of low doping [71]. On the
other hand, tilted sample S3 (n-doped) shows a higher ordering degree than sample
S1 (undoped), which cannot be explained just by doping differences in the samples.
In this case, the doped sample grown on misoriented substrate (S3), the degree of
ordering would be higher than S1 and S2 samples because a remarkable dependence
on substrate misorientation is attributed to different degrees of atomic ordering of
group 11 sublattice which are caused by the different atomic surface reconstruction
rate during the growth [72]. In particular, the degree of order increases from zero
until a maximum misorientation angle and is reached at values of 4° to 5°, after that
the ordering degree starts to drop. At small misorientation angles, one expects an
increase in ordering with increasing misorientation angles simply due to the slower
steps velocity allowing more atomic interchange at the steps to produce the ordered

structure [72].

6.5 SUMMARY

In summary, the effects of GaAs substrate orientation and doping of InGaP on the
electrical and optical properties of InGaP-based solar cells grown by MOCVD
technique were studied and analyzed using J-V, C-V and DLTS measurement
techniques, SILVACO TCAD modeling and PL spectroscopy. From the J-V
characteristics, the reverse current density and turn-on voltage (Von) were higher for
sample grown on (100) 2° off towards (111B) (S3). In addition, the C-V
measurements indicated that the free carrier concentration is non-uniform in the n-
InGaP grown on exact (100) (S2). Furthermore, the DLTS technique has been used
to investigate the electrically active defects in all samples. One common electron
trap (0.10 — 0.13 eV) has been detected in all samples except for the sample grown

on (100) 2° off towards (111B) where an additional hole trap (0.26 eV) was
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observed at a reverse bias of -4 V. However, the DLTS measurements carried out
at a reverse bias of -1V (i.e. region probed by DLTS is close to the interface)
indicated that no traps were found in sample grown on (100) 2° off towards (111B)
(S3), but for samples S1 and S2 the traps were similar to those observed at -4 V.
SILVACO TCAD was used for modelling the effect of GaAs substrate orientations
and doping of InGaP layer on the forward current. Good agreements between
simulations and measurements were obtained for S1 and S2 samples by considering
the characteristics of the traps detected in the samples by DLTS and the electron
profiles obtained from electrochemical capacitance-voltage measurements.
However, for S3 sample, a disagreement between simulation and measurement was
obtained which could be related to the dominance of tunnelling via dislocation
transport mechanism and a good agreement was obtained for a dislocation density
of 1x10° cm™. PL spectra as function of temperature and laser power intensity have
evidenced two different emission bands depending on the experimental conditions.
At high temperatures and laser intensity, it was observed that the highest energy
emission peak A dominates the PL spectrum. This band was associated with
excitonic and free carriers transitions in fully disordered InGaP. An additional and
lowest energy emission peak B was also observed at lower temperatures which was
attributed to spatially indirect transition in ordered domains, involving electrons at
donors and photoexcited holes. Furthermore, the PL spectra were also affected by
different degree of ordering of the samples, showing a highest ordered degree for
samples grown on 2° off towards (111B) GaAs substrate and lowest ordering for
doped samples grown on exact (100) GaAs wafers. The n-doped samples grown
on exact (100) showed a reduced ordering as compared to undoped samples grown

on exact (100).
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CHAPTER 7: EFFECTS OF GaAs SUBSTRATE
ORIENTATION ON THE STRUCTURAL,
OPTICAL, ELECTRICAL AND
PHOTOVOLTAIC PROPERTIES OF InGaP-
BASED SOLAR CELLS

7.1 INTRODUCTION

I11-V semiconductors have been investigated as active materials for high-speed
electronic, optoelectronic and solar energy devices. The inherent advantages of
direct band gap and high electron mobility have led to the widespread use of I111-V
semiconductors such as GalnP [1]. The efficiencies of GaAs and GalnP IlI-V
compound semiconductors based solar cells continue to improve as material quality
and device processing are optimised. The band gap of GalnP grown lattice matched
to GaAs is depending on the growth conditions and substrate misorientation. These
changes are the result of the spontaneous ordering during the growth of the cation-
site elements (Ga and In) in planes parallel to the (111) and reductions in the band
gap over 100 meV can appear [2]. InGaP lattice matched to GaAs has a direct
bandgap of 1.9 eV, which is a very interesting property [3]. InGaP grown using
metal-organic chemical vapor deposition (MOCVD) technique is known to have a

CuPt-type ordering of alternating In-rich and Ga-rich monolayers, primarily on the
(111) and (111) crystallographic planes, as evidenced by the {%%%} superlattice
reflections that can be observed using electron diffraction. Strain energy
minimization is the main driving force for this ordering in InGaP epitaxial layers,
with a large difference in bond length between the In-P and Ga-P. However, they

cause significant changes in the electronic and optical properties, such as bandgap

narrowing, valence band splitting, and polarization anisotropy. Previous reports
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suggested that the degree of CuPt-type atomic ordering is dependent on substrate’s
misorientation [4]. In addition, the change of degree of ordering of CuPt leads to
corresponding changes in lattice constant and photoluminescence (PL) peak energy
[5]. Another report showed that the strain mismatches of the epitaxial layers in the
GalnP structure decreased with increasing substrate misorientation [6]. The
observed poor electrical quality of highly ordered GalnP solar cells, which were
grown on 6° misoriented towards (111)B GaAs substrates, was attributed to traps
introduced by the ordered/disordered domains matrix or growth native defects [2].
Furthermore, studying the defects caused by misorientation angles can provide
useful information for fabricating high performance devices. In this work, the
influence of substrate misorientation on the surface morphology, optical, electrical
and photovoltaic properties of p-type InGaP-based solar cells grown by MOCVD
on (001) GaAs substrates misoriented by 6s= 0° (exact), 2°, 6°, and 10° towards
(111)A are thoroughly investigated using different techniques, namely, Atomic
Force Microscopy (AFM), Raman spectroscopy, Current-Voltage (I-V) ,
Capacitance-Voltage (C-V), Deep Level Transient Spectroscopy (DLTS), Laplace

DLTS and Solar Simulator.

7.2 SAMPLE DETAILS

In collaboration with Dr Suho Park (University of Science and Technology, South
Korea) a series of InGaP-based solar cells were grown in an MOCVD reactor
(Veeco D180) on (100) GaAs substrates misoriented by 6s = 0° (exact), 2°, 6°, and
10° towards (111)A. Trimethylgallium (TMGa) and trimethylindium (TMIn) were
used as group-Ill precursors and pure phosphine (PHs3) was used as group-V
precursors. Diethylzinc (DEZn) and disilane (Si2Hs) were employed for p-type and

n-type doping, respectively.
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Figure 7.1 shows a schematic diagram of InGaP single-junction solar cells grown
on the GaAs substrate with different substrate misorientations. The undoped InGaP
and GaAs buffers were first grown with high resistance to block current flow into
the substrate, followed by a 500 nm thick p*-GaAs contact layer. A highly doped
50 nm thick p*-InGaP back surface field (BSF) layer was grown to reduce the rear
surface recombination velocity and to repel the minority carrier away from the
backside. Thereafter, a p-type InGaP base layer with a 550 nm thickness was
followed by a 50 nm thick n*-type InGaP emitter layer. A thin emitter layer was
adopted to provide minimal parasitic absorption in the blue energy region, and the
base layer thickness was designed to be much bigger than the depletion layer length.
A sufficiently thin n*-InAIP wide bandgap material was used for the transparent
window layer to avoid front surface recombination. Finally, a 100 nm thick n*-
GaAs contact layer was deposited. All layers were grown under the optimal growth

conditions with a growth temperature of 650°C and a growth rate of ~3.0 A/s.

Top electrode

n*-GaAs contact

(Si: 2x10'® cm, 100 nm)
n*nAIP window
(Si: 4x10"7 cm3, 25 nm)

n*-InGaP emitter
(Si: 2x10" cm, 50 nm)

p-InGaP base
(Zn: 1x10'7 cm, 550 nm)

p*-InGaP BSF Bottom electrode
(Zn:2x10'8 cm3, 50 nm)

p*-GaAs contact
(Zn: 2x10" cm3, 500 nm)

InGaP buffer
(Undoped, 200 nm)

GaAs buffer
(Undoped, 200 nm)

GaAs substrate
(6< = (100) exact , 2°, 6°, 10°)

Figure 7.1: Schematic structure of InGaP single-junction solar cells grown on

GaAs substrates with different orientations.
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7.3 RESULTS AND DISCUSSION
7.3.1 RAMAN SPECTROSCOPY

Raman spectroscopy, which is a very powerful tool for material characterization
that permits the investigation of the properties of a wide range of nanomaterials,
was performed in collaboration with the group of Prof. Jorlandio F. Felix
(University of Brasilia, Brazil). The experimental details are presented in Chapter
4, Section 4.9. In this work, the GaAs substrate misorientation can cause disorder
and/or residual strains that can significantly influence the phonon frequencies and
lifetimes, leading to broadening of the Raman peaks and the breakdown of the
Raman selections rules [7]. Indeed, the frequency shifts of longitudinal optical (LO)
phonon mode is strongly related to the compressive and tensile strains, resulting in

positive and negative frequency shifts, respectively [8, 9].

Figure 7.2(a) shows a typical Raman spectrum (green) of the samples with 6s = 0°
at room temperature. This Raman spectrum, which has been deconvoluted into
Lorentzian functions shows peaks located at ~267, ~290, ~333, ~360 and 381 cm*!
that are associated with the transverse optical (TO) and longitudinal optical (LO)
phonon modes TO-GaAs (T'), LO-GaAs (T'), TO-InP (T"), LO-InP (") and TO-GaP
(I), respectively [10-13]. In addition, all samples show an asymmetric broader
structure at ~269 cm™? originating from the longitudinal optical plasmon coupled
(LOPC) modes superimposed on the sharp TO-GaAs phonon peak at ~267 cm™,
which can be also associated to the doping effect [11]. The dotted line represents
the fit obtained from the deconvolution. Only LO scattering is nominally allowed
in the zincblende structure for backscattering from the [001] plane [12]. Although

TO modes are prohibited for this geometry based on Raman selection rules, they
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can be observed due to the large numerical aperture of the setup used in this work

[10, 12].
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Figure 7.2: (a) Raman spectrum of the samples with 6s = 0° (green). The internal
curves represent the deconvolution into six Lorentzian peaks. (b) Raman spectra
from InGaP based solar cells grown on GaAs substrates with misorientation angles

of 65 = 0°, 2°, 6° and 10°.

The Raman spectra shown in Figure 7.2(b) were obtained from the InGaP single-
junction solar cell structures grown on the GaAs substrates with misorientation
angles 0s = 0°, 2°, 6° and 10° at room temperature. It was found that some of the
peak positions shifted, and their relatives’ intensities changed as a function of GaAs
substrates misorientation angles. These changes are clearly evidenced in Figure
7.2(a), where the intensity of the characteristics GaAs phonon modes increases as

a function of increase of misorientation angles.
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Figure 7.3(a) shows Raman spectra from InGaP based solar cells grown on GaAs
substrates with misorientation angles of 6s = 0°, 2°, 6° and 10° around the
characteristic region of the GaAs phonon modes. The vertical dashed line is used
as a guide to the eyes to indicate the shift of the GaAs TO and LO phonon modes
as the GaAs substrate misorientation 0s increases. Interestingly, there is a blueshift
of the GaAs LO phonon mode which is linearly proportional with the increase of

the substrate misorientation, as can be seen in Figure 7.3(b).
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Figure 7.3: (a) Raman spectra from InGaP based solar cells grown on GaAs
substrates with misorientation angles of 6s = 0°, 2°, 6° and 10° around the
characteristic region of the GaAs phonon modes. (b) GaAs LO phonon mode shifts
as a function of the misorientation. The dotted lines serve as a guide to the eyes. ()

ratio between the peak intensities of the GaAs TO and LO phonon modes.

As shown in previous studies, the lattice constant of the InGaP layer decreases with
increasing misorientation [14]. This phenomenon introduces a small compressive
strain that makes the GaAs-like LO phonons shift towards higher frequencies.
Figure 7.3(c) shows the ratio between TO and LO peak intensities (Itoo) as a
function of substrate misorientation. Since the presence of the TO phonon is

indicative of structural disorder [15], the result of lIto/Lo can be used accordingly to
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assess the disorder of the samples [16]. It can be concluded that the disorder is quite
irrelevant when comparing samples grown on GaAs substrates with 6s = 0° and 2°,
however, it becomes relevant when the misorientation angle 0s is greater than 2°. In
terms of defects, as will be shown later, this result is very important to understand

the role of misorientation on electrically active defects.

7.3.2. ATOMIC FORCE MICROSCOPES (AFM)

AFM analysis was subsequently conducted to investugate the effect of the substrate
misorientation on the surface morphologies of the samples. Figure 7.4 shows the
AFM images of all samples studied in this work. By performing a qualitative
analysis in all samples, it is clear from Figure 7.4 that there is a change in surface
morphology with the substrate misorientation 6s. Figure 7.4(a) reveals that for 6s =
0° sample, grains with pyramidal shape with Root Mean Square (RMS) surface
roughness of 30.34 nm. Figure 7.4(b) shows that for 6s = 2°, the sample exhibited
a step-flow characteristic with RMS surface roughness of 14.03 nm. While for 0s =
6°, the sample showed a narrowing and elongation of the terraces (when compared
with 0s = 2° sample) with RMS surface roughness of 18.12 nm. Finally, for 6s =
10°, the sample showed the lowest RMS roughness (9.77 nm) when compared to
the other samples, and the step-flow characteristic observed in the last two samples
(6s = 2° and 6°) practically disappeared. These results indicate that the 6s = 2°
sample showed a step-flow characteristic with the greatest prominence on its

surface morphology.
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Figure 7.4: AFM images for all solar cell samples grown on different GaAs
substrate orientations in a 20 x 20and 5 x 5 um? scan area with different misoriented
substrates: (a) 6s = 0°, (b) 6s = 2°, (c) 6s = 6°, and (d) 6s = 10°.

7.3.3 CURRENT-VOLTAGE (I-V) MEASUREMENTS

The I-V measurements were performed at room temperature for all samples grown
on GaAs substrates with different orientations as shown in Figure 7.5. It can be
seen from the Figure that the reverse current of all samples are low over the range
of reverse biases used up to — 4 V. However, sample grown with 6s = 2° shows low
leakage current as compared with others devices as shown in Figure 7.5(a). The
leakage current of devices may be affected by various factors, including surface
defects, crystal defects, deep level defects, interface states, and crystal quality, etc.

[17]. In addition, from the linear I-V plot (Figure 7.5(b)) a turn-on voltage (Von) of
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1.3V,1.7V, 2.2V and 2 V were obtained for samples grown on-exact (001) GaAs,
2° off, 6° off and 10° off towards (111)A, respectively. The higher Von of the device
grown on 6° off indicates that the crystalline quality of the InGaP-based solar cell
is slightly deteriorating [18].This behaviour could be attributed to the increase of

the excess capacitance due to the interface states [19].
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Figure 7.5: Room temperature 1-V characteristics of all samples grown on GaAs
substrates with different orientations: (a) Semi- logarithmic 1-V plots; (b) linear I-

V plots showing the turn-on voltage for each sample.
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I-V measurements for all samples grown on different substrate orientations as
function of temperature were carried out in the range of 20 - 300 K (with 20 K
intervals) to extract the parameters of the solar cell devices and study their
behaviour with temperature.
The 1-V characteristics of an ideal diode [20] are described by the thermionic
emission model given by equation 7.1:

I = I [exp (%) —1] (7.1)
where q is the electronic charge, k is the Boltzmann constant, V is the forward
applied bias, n is the ideality factor, Is is the saturation current and T is the absolute

temperature in Kelvin

where the saturation current I is given by:

Iy = AA'T? exp (—222) (7.2)

where A is the area of the diode, 4*=14.1 Acm?K? is the effective Richardson’s
constant for InGaP and ¢ is the built-in potential energy [21].

The ideality factor and built-in potential energy for all samples are extracted from
the room temperature forward I-V characteristics as described in Chapter 4, Section
4.2. The values of n and ¢, summarized in Table 7.1 and Figure7.6 were obtained
using the same procedure as in Chapter 5, Section 5.3.1. The ideality factors were
found to be 1.29, 1.70, 2.02 and 1.24 for samples grown with 8s = 0°, 85 = 2°, 05 =

6° and 05 = 10°, respectively.
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Table 7.1: Room temperature experimental ideality factor (n) and built-in potential (¢»)
for samples grown on GaAs substrates with misorientation 0s = 0°, 65 = 2°, 05 = 6°
and 0s= 10°.

Samples Ideality factor (n) built-in potential ¢» (eV)
0s = 0° 1.290 + 0.007 1.070 % 0.006

0s = 2° 1.70 £ 0.06 1.100 % 0.002

0s = 6° 2.02 +0.07 1.220 £ 0.003

0s = 10° 1.24 £ 0.01 1.240 + 0.003

As can be seen from Figure 7.6(a), the built-in potential increases with increasing
temperature. This temperature dependence of built-in potential is due to the effect
of barrier inhomogeneities at the p-i-n interface [22] for all temperatures.

The ideality factor was greater than ~1.20 for all samples at all temperatures,
indicating that the generation-recombination is the dominant current transport
mechanism. The high ideality factor at low temperature can be attributed to the
generation-recombination mechanism, interface states, the series resistance and

barrier height inhomogeneities [23]
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Figure 7.6: InGaP solar cell samples grown on different GaAs substrate

orientations (a) built-in potential (¢b) versus temperature; (b) ideality factor (n)

versus temperature.

At cryogenic temperatures little thermal excitaton of the minority carriers occurs
and most travel through traps within the depletion region [24]. Therefore, solar cells
grown on GaAs substrates with 6s = 6° and 6s = 10° could have higher defect
densities than samples grown with 6s = 0° and 2° due to the fact that the ideality

factors increase dramatically for temperatures below 50 K as clearly seen in Figure

7.6(b).
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7.3.4 CAPACITANCE-VOLTAGE (C-V) MEASUREMENTS

The capacitance-voltage (C-V) measurements at room temperature have been
carried out for all samples grown on different substrate orientations in order to
determine the free carrier concentrations. As Figure 7.7 shows, sample grown with
0s = 6° has the highest free carrier concentration, while sample grown 05 = 0° has
the lowest free carrier concentration. The free carrier concentrations, Ng, for all
samples were calculated using the slope of the best fit of the plot 1/C? versus reverse

bias, as shown in Figure 7.7.
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Figure 7.7: 1/C? versus applied reverse bias plots at room temperature for all

samples grown on different substrate orientations.

The free carrier concentration is found to be uniform for all InGaP-based solar cells
samples as evidenced by the linear behaviour of the plot of 1/C? versus applied bias

over the reverse bias range of OV to -4 V. The free carrier concentration is about
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8.66 x 10 cm,9.84 x 10 cm™3, 1.44 x 10" cm=and 1.36 x 10%" cm™ for samples

grown on on-axis (100), 2° off , 6° off and 10° off, respectively.

7.3.5 DLTS AND LAPLACE DLTS MEASUREMENTS

The DLTS measurements [25] were carried out on p-i-n InGaP-based solar cells to
to investigate the effect of the substrate orientation on the electrically active defects.
In addition, Laplace DLTS (LDLTS) was used to separate the DLTS signals due to
defects with closely spaced energy levels [26]. The following experimental DLTS
parameters were used: reverse bias Vr = -4 V, a rate window of 200 Hz ,filling
pulse characteristics Vp = 0 V and filling pulse duration t, = 1 msec. The samples
were scanned from 10 K to 450 K.

Figure 7.8 presents the DLTS spectra for all solar cell samples which were
fabricated on (100) exact, 2°, 6° and 10° off-oriented GaAs substrates. The electron
and hole traps are labelled as E and H, and 1, 2, 3, and 4 refer to samples grown on
GaAs substrates with 0s = 0°, s = 2°, 6s = 6° and 0s = 10°, respectively. It can be
seen from Figure 8.8 that all samples exhibit two electron and two hole traps, except
the sample grown with 6s = 2° which has only one electron trap. These are labeled
as Elos = 0°) and H1s = 0°), E2(6s = 2°), E3(0s = 6y and H30s = 6), and E4os = 107y and H4es
= 10°) in samples grown with 6s = 0°, 6s =2°, 6s = 6° and 0s = 10°, respectively.
Figure 7.9 illustrates the Arrhenius plots for the traps in each sample which have
been determined from Laplace DLTS measurements. The parameters of all traps in

each sample are summarised in Table 7.2.
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Table 7.2: Summary of traps activation energies, capture cross-sections (on) and
concentrations (Nt) for all InGaP-based solar cell samples grown on GaAs

substrates with different orientations.

.. trap capture
Samples Actlvat(w{l])Energy concentration cross section
e )
Ne(em™) Gplcm’)
<= 0° H1 (0.04940.002) 1.79 x 1014 3.27x10°17
E1(0.100£0.003) 2.48 x 1015 1.19 x 10722
0:=2° | E2(0.05040.004) | 2.90x 10 1.41 x 1072
60 H3 (0.02740.008) 1.07 x 10%° 1.91x1072%1
95 =
E3 (0.39+0.02) 2.01 x 1015 1.18 x 10~18
6o = 107 H4 (0.04040.008) 9.11 x 101 1.18x 10720
S =
E4 (0.3440.01) 7.76 x 1014 1.33x10°1°

Shallow and deep traps were observed in all samples except the sample grown on
GaAs substrate with 0s = 2° which exhibit only one shallow electron trap in the
temperature range 150 K — 250 K. As shown in Figure 7.8, a higher amplitude of
the DLTS signal for trap E3 (sample with 0s = 6°) implies a higher trap
concentration for E3 (2.01 x 10%° cm?®) as compared to E4 (7.76 x 10'* cm™. The
activation energies of E3 and E4 are 0.39eV and 0.34eV, respectively, and are very
similar to the trap with activation energy of 0.40 eV found by Su et al. [27]. They
suggested that the deep level in InGaP may be attributed to the excess interstitial
atoms of P because by reducing the P vapour pressure to an optimum value, this
deep level in the InGaP epilayer disappeared. Moreover, in another investigation
Y.K et al. [28] observed a deep electron trap with activation energy of 0.39 eV and
attributed it to the excess interstitial atoms of P in InGaP active region.

The electron trap of energy E1 = 0.10 eV is likely to correspond to the same trap

with energy of 0.17 eV reported by Chen et al. in InAIP grown by MOCVD
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deposition technique [29]. They assigned this trap to oxygen impurity in the InAIP
buffer layers. In addition, this electron trap was also reported by Brounkov et al.

[30] in buffer layers with concentration of ~ 6.6 x 10*>cm™ which is close to the
concentration of E1 trap detected in this work.

Electron trap E2 with activation energy of 0.050 eV and concentration of
~2.90 x 10** cm™ observed in sample grown with 6s = 2° could be the same trap as
the one observed by Feng et al [31] in InGaP grown by MOCVD with energy 0.070
eV. This was attributed to DX center which is associated with a donor impurity.
Trap H3 (0.027 eV) could be related to the trap called DX center with activation
energy of about 0.020eV which was found at temperature around 130 K [32].
Shallow hole traps H1 (0.049 eV) and H4 (0.040 eV) detected in samples with 0s=
0% and 6s = 10°, respectively, could not be identified in this work, but these could

be related to shallow impurities introduced either intentionally or unintentionally.

7.3.6: DISCUSSION OF THE ROLE OF THE DEFECTS ON THE
PERFORMANCE OF SOLAR CELLS GROWN ON VARIOUS
GaAs MISORIENTED SUBSTRATES

The photovoltaic measurements were performed at the Korea Research Institute
Standards and Science (KRISS), Daejeon, Republic of Korea. The current density
versus voltage (J-V) characteristics shown in Figure 7.10 were measured under
standard test conditions (AM1.5G, 100 mW/cm? and 25°C) for GalnP-based solar
cells grown on different GaAs substrate orientations. Figure 7.11 displays the open
circuit voltage (Voc) and short-circuit current (lsc) of all samples as a function of
substrate misorientation. Voc and Isc values are extracted from Figure 7.10. The

performance parameters Fill Factor (FF) and efficiency (n) of all samples are
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calculated from the obtained results shown in Figure 7.10. The procedure to extract
these parameters is explained in Chapter 4, Section 4.10. The average photovoltaic
parameters for InGaP solar cells grown on different substrate orientations (AM

1.5G, 100 mW/cm?) are summarized in Table 7.3.
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Figure 7.10: J-V characteristics of all solar cell samples under AM1.5G
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all samples as a function of substrate misorientation.
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Table 7.3: Performance parameters of samples calculated from measurements
results shown Figure 7.10.

Substrate

micorientation V. (V) Jg. (MA/CM?) Fill factor (%) Efficiency (%)
(100) exact 1.22 9.056 77.3 8.49
6= 2° 1.24 8.872 76.9 8.46
6, =6° 1.30 8.406 75.3 8.26
6,=10° 1.36 8.147 755 8.35

It can be clearly seen from Figuer 7.11 and Table 7.3 that the Vo value increases
with the increase of the substrate misorientation angle. In addition, by increasing
the substrate misorientation angle Jsc value decreases. It is well-known that Jsc and
Voc are directly and inversely proportional to the bandgap of semiconductor solar
cell devices, respectively. J. Lee showed that the quality of InGaP epilayers
enhances with the crystallographic orientation or off-axis angle due to a decrease
of the strain [33]. Samples grown with 6s = 0° and 6s = 2° have closely similar
efficiencies. However, sample grown with 0s = 6° has the lowest values of
efficiency (n =8.26) and fill factor (75.3). In addition, this sample has the highest
ideality factor (n=2.2) as compared with the other samples. Previous studies
reported that there are several factors that can significantly influence FF such as
defects, series resistance, shunt resistance and higher ideality factor [34, 35].
Another investigation showed poor electrical quality of highly ordered GalnP solar

cells which were grown on GaAs substrates misoriented 6° toward (111)B [36]. R.
Oshima at al. [37] studied the effects of substrate miscut on the properties of lattice-

matched Inos2Gao.4gP-based solar cells grown on (100) GaAs substrates by MBE
with the aim to enhance their efficiency. In addition to exact (100) GaAs substrates,
they used (100) GaAs substrates miscut 2° and 6° towards (111)B and 2° and 6°

towards (111)A. It was found that the performance of the solar cells was affected
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by atomic ordering. They observed that the B-type miscut induced single-variant
atomic ordering, which was suppressed in the A-type miscut. Enhancements in Voc
were reported in solar cells grown on A-type miscut substrates, which was believed
to be due to the reduced degree of atomic ordering. However, the use of B-type
miscut substrates showed a large improvement in Woc due to a reduction in the
number of antiphase boundaries caused by single-variant ordering. Woc, which is
an empirical figure of merit, represents the difference between Eg/q and Voc and

helps in comparing the solar cell voltages. The highest (10.93%) and lowest
(8.27%) efficiencies were obtained using InGaP solar cells grown on (100) GaAs
miscut 2° towards (111)B and 6° towards (111)B, respectively. Similarly, as shown
in Table 7.3, the sample with misorientation 0s = 6° 1is not ideal for the growth of
InGaP-based solar on GaAs as it has the lowest efficiency. Garcia et al. [2]
investigated the influence of GalnP ordering on the electrical quality and showed
poor electrical properties of GalnP solar cells which were grown on GaAs
substrates misoriented 6° toward (111)B. A strong correlation was observed
between the increase in the activation energies and concentration of defects and the
decrease of efficiency for samples grown on (100) exact (6s = 0°), 6° and 10°
misoriented GaAs substrates. Defects introduce energy levels in the bandgap, and
act as recombination centres, which reduce the free carrier lifetime [38], and

therefore degrade the efficiency of solar cells.
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7.4: SUMMARY

The effects of the substrate misorientation on the surface morphology, optical,
electrical and photovoltaic properties of p-doped Ino.ssGao.s2P-based solar cells
grown by MOCVD technigue on (100) GaAs substrates misoriented by 0s= 0°
(exact), 2°, 6°, and 10° towards (111)A have been investigated using AFM, Raman,
IV, CV, DLTS, Laplace DLTS and Solar Simulator. From Raman measurements,
it was concluded that the disorder is quite irrelevant for samples grown on GaAs
substrates with 0s = 0° and 0s = 2°, however, it becomes relevant when the
misorientation angle 0s is greater than 2°. AFM studies showed surface morphology
changes with substrate misorientation angles. Sample grown with 05 = 0° had the
smoothest surface. 1-V and DLTS measurments showed that sample grown with 6
=2° hasa low leakage current as compared with others devices and exhibited only
one electron trap. While the sample grown on 6s= 6° showed the highest trap
actvation energies, concentrations and the lowest efficiency. These results represent
a significant step towards the development of high efficiency multijunction solar

cells grown by MOCVD.
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CHAPTER 8: CONCLUSION AND FUTURE
WORK

This chapter summarises the research work carried out on the structural, electrical
and optical properties of dilute GaAsPN and GalnP based solar cell structures and
devices. AFM, I-V, C-V, DLTS, Laplace DLTS, Raman and PL characterisation
techniques were used to investigate these materials and heterostructures. In

addition, suggestions of future work are presented in this chapter.

8.1 CONCLUSION

8.1.1 THE EFFECT OF V(P)/l11(Ga) FLUX RATIO AND
THERMAL  ANNEALING ON THE ELECTRICAL
PROPERTIES OF DILUTE NITRIDE GaAsPN

The effect of growth condition, namely V(P)/III(Ga) flux ratios on the electrical
properties of dilute nitride GaAso.1Po.ssNo.o1 alloys grown by MBE have been
investigated. From I-V measurements, the leakage current of the samples grown
with low P/Ga flux ratio (5) is lower than the sample grown with high P/Ga flux
ratio (21). For all samples, the values of the ideality factor are greater than unity,
and these higher values can be attributed to the generation —recombination currents,
interface states, and the series resistance effects. It was observed that the samples
grown with higher flux ratio of 21 exhibited more defects as compared with samples
grown on low flux ratio of 5. In addition, the influence of the thermal annealing
treatment on the electrical properties of GaAso.1Po.s9No.01 alloys have been studied.
After annealing both samples showed lower leakage currents and ideality factor

values than the as-grown samples. Moreover, the sample grown with flux ratio of 5
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showed two hole traps before and after annealing, however, their concentrations
decreased after the thermal treatment with low concentrations. For sample grown
with flux ratio 21 two new hole traps and one new electron trap appeared after
annealing while the as-grown sample exhibited only three hole traps. All traps’
concentrations decreased after thermal annealing. Considering the lower ideality
factors and traps concentrations, it was concluded that the annealed devices are

closer to the ideal solar cell diodes than the as-grown devices.

8.12 INVESTIGATION OF THE EFFECT OF GaAs
SUBSTRATE ORIENTATIONS AND InGaP DOPING ON THE
ELECTRICAL AND OPTICAL PROPERTIES OF InGaP-
BASED SOLAR CELL STRUCTURES

The effects of GaAs substrate orientation and n-doping of InGaP in the i-region of
the p-i-n structures on the electrical and optical properties of InGaP based solar cells
grown by MOCVD technique were studied and analysed using J-V, C-V, DLTS,
Laplace DLTS techniques, photoluminescence spectroscopy (PL) and SILVACO

TCAD modelling.

From the J-V characteristics, the reverse current density and a turn-on voltage were
higher for sample grown on (100) 2° off towards (111B) than those of samples
grown on exact (100) GaAs substrates. In addition, the C-V measurements indicated
that the free carrier concentration is non-uniform in the n-InGaP grown on exact
(100). Furthermore, the DLTS technique has been used to investigate the
electrically active defects in all samples. One trap has been detected in all samples
grown on exact (100) GaAs substrates with activation energy ~ 0.10 eV except for

sample grown on (100) 2° off towards (111B) where two traps have been observed
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with activation energies ranging from 0.10 eV to 0.26 eV. Silvaco TCAD was used
for modelling the effect of GaAs substrate orientations and n-doping of InGaP in
the i-region of the p-i-n structutes on the forward current characteristics. A good
agreement between simulations and measurements was obtained for n-doped and
undoped InGaP grown on exact (100) GaAs substrates by taking into account the
properties of the traps detected in the samples by DLTS and the electron profiles
determined using electrochemical capacitance-voltage measurements. For sample
grown on (100) 2° off towards (111B), there was a disagreement between
simulation and measurement, which might be attributed to the dominance of
tunnelling via dislocation transport mechanism, however, a good agreement was
obtained for a dislocation density of 1x10° cm™? PL spectra as function of
temperature and laser power intensity showed different emission bands depending
on the experimental conditions. At high temperatures and laser intensity, it was
observed that the highest energy emission peak (A) dominates the PL spectrum.
This band was associated with excitonic and free carrier’s transitions in fully
disordered InGaP. An additional low energy emission peak (B) was observed at
lower temperatures which was attributed to spatially indirect transition in ordered

domains, involving electrons at donors and photoexcited holes.

8.1.3 EFFECT OF GaAs SUBSTRATE ORIENTATION ON THE
ELECTRICAL AND OPTICAL PROPERTIES OF InGaP
SOLAR CELLS

Electrical and optical measurements were used to investigate the properties of p-
type InGaP-based solar cells grown by MOCVD on (100) GaAs substrates

misoriented by 0s= 0° (exact), 2°, 6°, and 10° towards (111)A. From Raman
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measurements, it was concluded that the disorder is quite irrelevant for samples
grown on 0s = 0° and 0s = 2° GaAs substrates. However, it becomes relevant when
the misorientation angle 0s is greater than 2°. AFM measurements indicated that
the surface morphology changes with substrate misorientation angles. Sample
grown with s = 0° showed the smoothest surface. The C-V measurements indicated
that the free carrier concentration is uniform for all InGaP-based solar cells samples.
I-V and DLTS measurements showed that the sample grown with 0s =2° has a low
leakage current as compared with others devices. In addition to that , all samples
exhibited two electron and two hole traps, except the sample grown with 0s = 2°
which has only one electron trap. The sample grown on 0s= 6° showed the highest

trap activation energies, concentrations and the lowest efficiency.

8.2 SUGGESTIONS FOR FUTURE WORK

Suggestions for further work based on the results obtained from this thesis are
discussed in the following:

= GaAsPN has an important impact on developing GaP-based optoelectronics

and multijunction solar cells, but the complex nature of the nitrogen

incorporation into GaAsP is still not fully understood. The control and

understanding of the incorporation of nitrogen during GaAsPN MBE

growth continues to play an important role in GaP crystal growth. Therefore,

a study of the effects of the growth temperature, V(P)/IlI(Ga) flux ratios

and N contents on the electrical and optical properties of GaAsPN epilayers

grown on GaP substrates by MBE is crucial in order to improve their

properties for solar cell applications.
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It is well established that heat treatment procedures can eliminate defects
and/or decrease substantially their concentrations. Using different thermal
annealing conditions and techniques, such as furnace annealing and rapid
thermal annealing techniques, will help determine the proper choice of
annealing methods and parameters that could have a significant impact on
both device performance and overall yield of GaAsPN-based solar cell

devices.

The high-speed crystal growth of 111-V semiconductors by MOCVD is one
of the most important technologies to decrease the cost-performance ratio
of 11-V semiconductor-based solar cells by increasing production
throughput. Investigation of the influence of the growth rate and growth
temperature on the quality of InGaP epilayers and the optimisation of the
growth conditions are of paramount importance to achieve high efficiency

solar cells.

Due to radiation in space and the use of electronic, optoelectronic and
photovoltaic devices in satellites, considerable amount of defects can be
induced in semiconductors which, in turn, can cause degradation and
decrease of the average lifetime of the devices. The effect of radiation
treatment, for example in metal/semiconductor Schottky diodes using a
variety of radiation sources such as electron, neutron and gamma radiation,
has been studied previously. The influence of gamma irradiation on the
structural, electrical and optical properties of InGaP epilayers can contribute

to a better understanding of these materials for space applications.

215



