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ABSTRACT

The effect of nitrogen (N) incorporation on the optical properties of Gallium phosphide GaP;.
xNx (x= 1.4%, 2.1%, and 2.7%) alloys grown by MBE, have been investigated in this thesis.
In addition, the influence of adding arsnic (As) and indium (In) on the optical properties of
GaASs).1Po.soNo.o1 and Ing07Gag.93Po.g9Noo1 alloys have been studied. The PL measurements
demonstrated the change of the bandgap nature from indirect to pseudo-direct in all the above
devices. PL intensity decreased with increasing N concentrations as well as the bandgap en-
ergy. GaAsy1PogsNoo1 alloy has shown better PL intensity, FWHM and reached the target
bandgap of solar cells materials based on Si substrate which is 1.8 eV compared to
Ino.07Gap.03Po.99No 01 alloy. Furthermore, the effect of different epilayer thickness (100 nm and
1 um) on the optical properties of GaAsg1Pos9Noo1 alloys have been studied. Increasing the
thickness allowed to enhance the optical efficiency by increasing the PL intensity, reducing
the FWHM and raising the activation energy. However, the bandgap shifted towards higher
energy (higher than 1.8 eV)

Also in this thesis, the effect of RTA on the optical and structural properties of GaPg.9gsNo.014,
GaAS).1Po.s9No.01 and Ingo7Gag.93Po.99No .01 devices have been examined. From an optical point
of view, all samples had a blue shift in their bandgap energy after annealing. It increased also
the PL intensities as well as the activation energies for all alloys. The S-shape behaviour was
not affected much by annealing these materials. However, the FWHM showed smaller values
after annealing the samples, indicating that RTA reduced the defects. From a structural per-
spective, RTA decreased the surface roughness of GaPgggsNo.014, hOwever, no change in N-
induced in vertical lattice spacing was observed. A small reduction of vertical lattice parame-
ter and an increase of the surface roughness were caused by annealing for both

GaAS(),lPo,ggNo,m and |n0.07GaO.93P0.99N0.01 aIons.

Moreover, I-V, C-V, DLTS, and Laplace DLTS measurement techniques were used to inves-
tigate the effect of RTA on the electrical properties of p-i-n GaAsPN solar structure materials
grown by MBE. This study showed a noticeable effect of annealing on the samples and was
correlated to the creation of new defects. RTA improved the electrical properties of this ma-
terial by reducing the concentration and /or capture cross-section values of major defects.
Overall, rapid thermal annealing is an effective treatment process to improve the optical,

structural and electrical properties of different semiconductor structures and devices.
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CHAPTER 1: INTRODUCTION

1.1 INTRODUCTION

With regard of numerous governmental and non- governmental scientific reports, population
is facing serious issues such as global warming, the rarefaction of fossil energy resources, and
a worldwide energy consumption growth [1]. These difficulties are all linked to our balance
of production and consumption of energy which is not in equilibrium with the earth natural
resources, considering the available technologies. Tremendous development has been
achieved in the technology of renewable energy, especially the photovoltaic (PV) energy. PV
is one of the most efficient way to harvest solar energy for electricity production, i.e.
converting sunlight directly into electricity using solar cells (SCs). In addition, solar energy is
one of the most promising because it is abundant, clean, almost eternal, easy accessibility,
and has the potential to cover a significant share of the energy needs of humanity [2]. One of
the primary motivation for the development of high efficiency solar cells is to decrease the
use of non-renewable energy which has been the main responsible for causing global
warming and raising a serious environmental concern for future commercial development of

electricity mass production.

Currently, solar cells based on crystalline, polycrystalline and amorphous silicon represent
more than 90% of the world production and the energy conversion mechanism in these
devices reach efficiencies in the range of 12-16% and 17-29%, respectively [3]. The Si solar
cells work most efficiently in the 950-1100 nm (1.3-1.1 eV) spectral region, but they show
very low spectral response to the short-wavelength (high energy) sunlight as shown in Fig.
1.1 [4]. Utilization of light-converting materials has been considered as an attractive strategy

to improve light harvesting abilities.
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Fig. 1.1. Spectral distribution of sunlight at Air Mass 1.5 global (AM 1.5G) showing the

fraction (highlighted in green) absorbed by a typical silicon-based PV cell [4].

One of this class of materials is dilute I11-V nitride alloys which have recently attracted a
great deal of attention for applications in optoelectronics particularly for solar cells [5-6].
Among these alloys, GaPN is an interesting material for pseudomorphic integration of
photonics with silicon [7-8]. Furthermore, recently it was found that GaNP-based nanowires
are a promising material for innovative device applications due to their beneficial properties
related to their architecture [9-10]. Gallium phosphide (GaP) has the smallest lattice
mismatch with silicon (0.37% at room temperature) amongst all binary 111-V compound
semiconductors. Fig. 1.2 shows the bandgaps of some of selected I111-V semiconductors with
their lattice constants. However, the residual strain due to this lattice mismatch can be
compensated by the incorporation of a few per cent of nitrogen in GaP [11-12]. Incorporating
a small percentage of nitrogen atoms into dilute Il1-V nitride semiconductors causes a
considerable reduction of their band gap. The control of the band gap helps tailor their optical

and electronic properties [13].
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However, the optical efficiency of GaPN material decreases with increasing nitrogen content.
Potentially, this problem may be alleviated by incorporating arsenic (As) and indium (In) into
GaPN host lattice to enhance the optical quality by increasing the PL intensity and reducing
the Full Width at Half Maximum (FWHM). This incorporation modifies the conduction band
structure, suggesting that the band gap of the alloys namely (GaAsPN and InGaPN) can be
adjusted to the desired wavelengths required for several applications, for example achieving
1.8 eV bandgap material lattice matched to Si for solar cell devices. These novel and exciting
I11-V-N materials systems have been proposed as good candidates to fabricate solar cells with
high efficiency. In addition, there are new opportunities to further develop this material
system by epitaxially growing with different epilayer thickness [15]. The thickness of the

epilayer has a strong influence on the optical and electronic properties of 111-V-N materials.

However, the incorporation of nitrogen, arsenic and indium into the host lattice of GaP as
well as a change in epilayer thickness lead to the creation of deep and shallow defects [16].

Defects, in the form of deep levels in the bandgap of semiconductors, have detrimental



effects on the device's performance because they act as efficient recombination centres. A
number of studies have made efforts to reduce these defects. Rapid thermal annealing has
been used in order to improve the optical and electrical efficiency of 111-V-N dilute nitrides
[17]. Nevertheless, a study of the effect of the rapid thermal annealing (RTA) on the
structural, optical and electrical properties of GaPN-based semiconductors has not been

reported.

Photoluminescence (PL), which is a very powerful optical characterisation technique, has
been used to assess the optical quality of the as-grown and annealed semiconductors. In
particular, significant parameters such as PL intensity, bandgap energy and full width at half
maximum (FWHM) can be determined using PL. Moreover, to characterise and identify deep
levels defects, also referred to as electrically active defects and traps, deep level transient
spectroscopy (DLTS) which is a unique electrical technique has been employed. Particularly,
fundamental defect parameters such as activation energy, capture cross-section and

concentration can be obtained from DLTS measurements [18].

1.2 MOTIVATION

The main source of renewable energy is solar radiation, i.e. sunlight. The constantly sunny
weather in Saudi Arabia has a greater potential for solar power application more than any
other place in the world. Saudi Arabia ranges from Azimuth 50 to Azimuth 35 and from
latitude 17 in the south to latitude 32 in the north [19]. Renewable energy is one of the
important strategic theme of Saudi Arabia national priorities and the objectives of Vision
2030. It is worth pointing out that the market of solar cells nowadays has varity of solar cells
materials such as colloidal quantum dots and GaAs [20]. However, further materials and
development are required to reduce the cost of the solar cells and increase the efficiency of
their work. Furthermore, a 1.8 eV band gap material lattice matched to Si (1.1 eV) for tandem

solar cell applications is required as a top junction absorber to achieve very high conversion



efficiencies. The main motivation of this thesis is, therefore, to study the optical and electrical
properties of GaP based materials grown by Molecular Beam Epitaxy (MBE) to reach the
target 1.8 eV bandgap energy for the top junction. Moreover, this work aims to investigate

the effect of annealing on these potential materials, namely GaPN, GaAsPN and InGaPN.

PL characterisation technique is employed to study the optical properties of as-grown and
annealed GaP;.xNx alloys (x= 1.4%, 2.1% and 2.7%). It is also used to investigate the optical
properties of as-grown and annealed GaAsy1PosoNoo1 and Ingo7GagesPog9Noo1 quaternary
alloys as well as the effect of different epilayer thickness (100nm and 1um) on the optical
properties of GaAsy 1Pos9No.o1. Additionally, Current — Voltage (I-V), Capacitance — Voltage
(C-V), conventional DLTS, and Laplace DLTS characterisation techniques are performed to

study the electrical properties of as-grown and annealed p-i-n GaAsPN solar cells.

1.3 SCHEME OF THE THESIS

This thesis is arranged as follows:

Chapter 1 presents the research motivations and thesis structure.

Chapter 2 describes the semiconductors fundamental concepts, the structure of the crystal,
the principles of heterostructure devices. It also covers the properties of GaP, GaAs, GaPN,

and GaAsN dilute nitrides materials.

Chapter 3 provides information on the crystal defects and theoretical background of carrier

kinetics.

Chapter 4 discusses the experimental techniques used in this thesis including PL, I-V, C-V,
DLTS, and Laplace DLTS. The hardware and software required to perform these systems are

also illustrated.



Chapter 5 covers the samples used in this work and explains briefly the details of the

measurements set up.

Chapter 6 investigates the effect of adding different N concentrations ranging from 1.4 to
2.7% on the optical properties of GaP;.xNx alloys grown by Molecular Beam Epitaxy (MBE)

using PL measurements. RTA effects on these samples are also discussed.

Chapter 7 discusses the effect of adding 10% of As and 7% of In on the optical properties of

as-grown and annealed dilute GaAsy.1Po.s9No.01 and 1ng.07Gag 93Po.99Nop 01 alloys.

Chapter 8 describes the effect of the epilayer thickness (100 nm and 1 pm) on the optical
properties of GaAsy1PogoNoo1. The effect of annealing on 1 um GaAsg1PogoNoo1 IS also

reported in this chapter.

Chapter 9 presents a study of electrically active defects in p-i-n GaAsPN solar cell

structures, and the effect of RTA on their electrical properties.

Chapter 10 gives a summary of the research work performed in this thesis and proposes

future work suggestions.
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CHAPTER 2: FUNDAMENTAL CONCEPTS OF

SEMICONDUCTORS

This chapter describes the basics, fundamentals and properties of semiconductors. It includes
semiconductors crystal structure, energy bandgaps, direct and indirect bandgaps and density
of states. Furthermore, this chapter will provide details of heterostructure materials and their
structural and electrical properties such as lattice mismatch, atom size, atom
electronegativity, and band alignment. The optical properties of 111-V semiconductors will be
also discussed. The defects in the crystalline structure of semiconductors caused by foreign
impurities and trapping centres are discussed also in this chapter. The theory of deep level
defects and their carrier kinetics processes are also described. The chapter will provides a
discussion of the basic features of GaP, GaAs, and dilute GaPN and GaAsN materials.
Additionally, a review of the defects in GaP, GaAs and dilute nitrides GaPN and GaAsN
semiconductor materials and their properties is presented. A brief introduction to annealing
effects on semiconductor materials will be iullestrated. The chapter will conclude by
providing basics of pn, pin and photovoltaic.

2.1 SEMICONDUCTORS

For the last few decades, modern electronic and optical technologies have been built on semi-
conductor materials which allowed the fabrication of numerous components for optoelectron-
ic and electronic applications [1]. There are many examples of such devices which can be
found in computers (memories, Central processing units (CPUs)), optical storage hardwares
(lasers for CDs and DVDs), network infrastructures (laser and photo-detectors for optical-
fiber technology), solar cells with high efficiency, display devices (thin film transistors,
LEDs), projectors (laser diodes), lights (LEDs) [2] etc.

Semiconductors can be defined by their conductivity which lies between insulators and con-
ductors. A material with an electrical resistivity in the range of 107 to 10° Q.cm is considered
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semiconducting. Semiconductors are known either as elementaries, which are made of a sin-
gle element, or as compounds, which are made of two or more elements. Elementary semi-
conductors in the periodic table belong to group 1V such as silicon (Si) and germanium (Ge).
Compound semiconductors can be formed by combining elements from groups 1l and V, or
Il and VI elements. Gallium phosphide (GaP) and gallium arsenide (GaAs) are semiconduct-
ing compounds made of only two elements and are classified binary compounds. If a com-
pound semiconductor is made of three elements, it is known as ternary compound such as
gallium phosphide nitride (GaPN) and gallium arsenide nitride (GaAsN). Quaternary com-

pounds are those semiconductors made of four elements, for example InGaAsN and GaAsPN.

2.1.1 UNDOPED AND DOPED SEMICONDUCTORS

An essential classification of semiconductors is based on the type of the material doping. Un-
doped or intrinsic semiconductors are classifications for pure semiconductors. Usually, intrin-
sic semiconductors are very pure with an insignificant amount of impurities, which could in
some cases affect the electronic properties. An alternative identification of pure semiconduc-
tors is made when the number of negative charge carriers (electrons) in the conduction band
is equal to the number of positive charge carriers (holes) in the valence band. Intrinsic semi-
conductors have the ability to behave as insulator at zero absolute temperature due to the po-
sition of the Fermi level between the filled valence band and the empty conduction band.
Thus, in this hallmark feature there is no flow of free electrons and thereby no conductivity.
If such semiconductor is subject to a thermal or a photonic excitation, the material conductiv-
ity increases.

The doping process is one of the most popular approaches to change the properties of semi-
conductors. If a pure semiconductor is doped with a small percentage of impurity atoms then
it is classified as an extrinsic semiconductor. If the dopant atom causes the number of elec-

trons to exceed the number of holes, then the resulting semiconductor is called n-type. A
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good example of the n-type doping process is the addition of pentavalent impurity material
from group V in the periodic table (such as As) to an element from IV group (such as Si). Ar-
senic has five electrons in its valence band while Si has four. Adding As to Si causes the for-
mation of four bonds between 4 electrons from each element and one electron will always be
free, thus the material has n-type behaviour. Likewise, if an element of 111 group (e.g Boron)
is added to pure Si, three covalent bonds are formed between the three valence electrons in B
with three of Si valence electrons, leaving one hole free. Thus, the dopant atoms introduce
more holes than electrons and therefore creating p-type behaviour, hence p-type semiconduc-

tor.

2.2 CRYSTAL STRUCTURES AND PROPERTIES
The features and properties of semiconductors, as other solid materials, are determined by
their crystal structure. Crystal structure refers to the arrangement of atoms into periodic

crystals.

2.2.1 CRYSTAL STRUCTURES

The crystal structure of a material is the product of a unit cell, which represents an infinite
periodic building unit composed of a set of atoms in a well-defined arrangement. There are
many forms of crystal structures. Fig 2.1 shows three types of periodic crystal structures

known as simple cubic (sc), body-centred cubic (bcc), and face centred cubic (fcc).

(@) (b) (c)

Fig. 2.1. Crystal structure of (a) simple cubic lattice (b) body centred cubic lattice and (c)
face centred cubic lattice
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The simple cubic is the simplest crystal structure, where each cubic corner represents an
atomic site (Fig 2.1 (a)). The closest similar arrangement is the body centred cubic structure,
which is basically a simple cubic structure with an additional atom site at the centre of the
cube (Fig 2.1 (b)). The face centred cube has simple cubic atomic sites in addition to one
atom at the centre of each cubic face as illustrated in Fig 2.1 (c).

Some crystal structures are more common than others in semiconductor materials such as
diamond crystal structure (Fig 2.2 (a)) and zincblende structure (Fig 2.2 (b)). Each atom in
these two structures forms four covalent bonds with four neighbouring atoms in a tetrahedron
configuration, which can be viewed as two overlapped fcc lattices. All the atoms in the
diamond crystal structure are of the same type. In zincblende structure the atomic sites are
occupied by two different kinds of atoms. The semiconducting elements Si, Ge and C have

diamond structured crystals, whereas the 111-V compounds such as GaAs, GaP and InAs have

5

. Gallium Atom

zincblende crystal structure.

. Silicon Atom

. Arsenic Atom

Fig. 2.2. Presentation of (a) diamond structure for Si where both types of atomic sites are
occupied by Si and (b) zincblende structure for GaAs where the sites are occupied by Ga and

As atoms, a is the lattice constant [3].

The lattice configuration and its surface properties are essential requirements in the
semiconductor’s fabrication processes. One of the lattice parameters are called Miller indices,

which can be considered as the coordinates of lattice planes. Therefore, Miller indices

12



indicate the orientation of the semiconductor crystal. The lattice is constructed from three
primitive basis vectors a, b and ¢, which can be used to determine Miller indices. Figure 2.3
shows an example of a lattice plane orientation described by Miller indices (100).

Z

Miller Indices :

(100)
v

(a,0,0)

Fig. 2.3. lllustration of a plane having Miller indices (100).

The crystalline solid can be described by three primitive basis vectors, which are determined
by the primitive cell. Through these vectors, the crystal structure is invariant under transfor-
mation of the lattice position vector R, which is given by the sum of integers multiples of a, b

and c, as:
R =ma +nb + pc (2.1)

where m,n and p are integers and a, b and c are vectors. If a point on the crystal structure is
translated through the vector R, then the point is transformed to an identical site, and there-

fore the lattice looks exactly the same.

If the lattice undergoes Fourier transformation, hence transformed to the reciprocal space,
then the reciprocal lattice basis vectors a*, b* and ¢* can be written in term of direct lattice

vectors a, b and c as:
a* =2 [(bxc)/(a.bxc)] (2.2)
b* =2n[(cxa)/(a.bXc)] (2.3)

¢ =2n[(axb)/(a.b X c)] (2.4)
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where a*.a = 2m and a.b* = 0 and so on, taking in consideration that the volume included

by these vectors=a.b X c =b.c Xa =c.a X b.
In the reciprocal space, the position vector is defined as:
G = ha” + kb* + Ic” (2.5)

where h, k and [ are integers. The vector G is given by the basic transformation between the

direct lattice and the reciprocal lattice which is:

G.R =21 X integer (2.6)

2.2.2 ENERGY BANDGAPS

The energy bandgap (E,) is a key parameter in solid state physics concerning the materials
properties which are determined by the energy band structure. E,is defined as the difference
in energy between the valence band (VB) energy (E,) and the conduction band (CB) energy
(E¢) as shown in Fig 2.4. The size of the energy gap determines the type of the material, be-
ing either an insulator or a metal. Metals have energy gap close to zero (E;~0 eV), while in-
sulators have a very high energy gap (E;, > ~6 eV). Semiconductor materials have a bandgap

that fits in between, in particular E; is within the range of ~ 0.5 to ~3 eV [4].

Fig. 2.4. Energy bands diagram of a semiconductor.
The dispersion relation of the bandgap in semiconductor is determined in respect to the wave

vector k, where the relationship between the energy and the wave vector is illustrated in Fig



2.5. At k = 0, close to zero energy the valence and the conduction energies have parabolic

dependence as described by the following equation:

h2k? h2k?
EC = Eg +— EV = -

2 E
8w my,

2.7)

2 *
8memy,

where E; and E}, are the energy levels of the conduction and the valence bands, respectively,
h is Plank’s constants, k is Boltzman constant, m; and m;, are the effective masses of elec-
tron and holes. At low temperatures~0 K, the valence electrons are confined within the outer
band due to the absence of excitation energy. Consequently, intrinsic semiconductors exhibit

insulating behaviour at very low temperatures.

2.2.3 DIRECT AND INDIRECT ENERGY BANDGAPS

Semiconductor materials have two different types of bandgap, namely a direct bandgap or an
indirect bandgap. This classification is based on the positioning of the valence and conduc-
tion energy band with respect to each other as functions of wave vector k. When the mini-
mum of the conduction band and the maximum of the valence band occur at k = 0 the semi-
conductor has a direct bandgap. The most common direct bandgap semiconductor is GaAs.
The indirect bandgap on the other hand represents the case where one of the bands has a
shifted momentum, thus the vertices are placed at different momentum values, such as in Si,

which is the most common indirect semiconductor. Fig 2.5 shows the E — k relationship of

the two types of bandgaps.

Si GaAs
3 1+ Conduction | 1 Conduction
‘ / Band Band
2 1 1
: (]

Ee

; Valence
Valence Band
Band an

[111] 0 [100] [111] 0 [100]
(a) Wave Vector (b)

Fig. 2.5. Energy-band structure of (a) Si that has an indirect bandgap and (b) GaAs that has a
direct bandgap [3]. The full and open circles represent electrons and holes, respectively.
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2.24 TEMPERATURE DEPENDENT ENERGY BANDGAPS

The energy of the bandgap of semiconducting materials is temperature dependent. This
dependence is related to the thermal vibrational energy, which results in an increase in the
amplitude of the atomic vibrations. Such effect extends the interatomic spacing which in turn
reduces the potential experienced by the electrons in the semiconductor. Consequently, the
size of the energy gap is reduced.

The temperature dependence of the energy bandgap can be constructed from the empirical

relationship, which was formulated by Varshni [5] as:

aT?

Ey(T) = Eg(0) - 5o (2.8)

where E;(0) is the energy bandgap at 0 K, and « and f are the empirical parameters for the

material. Table 2.1 shows the empirical parameters for GaAs, GaP, GaP1-xNx (x= 1.3%) and

GaASsL. Ny (X= 2.97%).

Table 2.1. Empirical parameters for temperature dependency of GaP, GaAs, GaPN and
GaAsN bandgaps.

Parameter GaP [6] GaAs [6] | GaPN (N=1.3%) [7] | GaAsN (N=2.97%) [8]

o (meV/K) 05 05 0.36 0.61
B (K) 372 220 372 560

2.2.5 DENSITY OF STATES

The density of states identifies the distribution of charge carriers by considering the number
of vacancies in the electron states at each energy level. The interatomic interaction in solids is
determined by the atoms electric fields due to the tight positioning of atoms in solid materi-
als. Therefore, energy levels split into infinite number of electronic states [9]. Electrons have

the tendency to occupy the lowest energy states possible, causing the energy sublevels close
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to zero to be filled up first, thus, the valence and the conduction bands are formed. In semi-
conductors the conductivity means that electrons are transferred from the valence band to the
conduction band due to an energy excitation. The absence of electrons from the valence band
creates positive charges, i.e. holes. In semiconductors, the number of states that are available
to be occupied is known as the density of states (N (E)) at a certain energy level. This density
is dependent on two factors namely the degree of charge carriers freedom and their confine-
ment. The degree of freedom is determined by the energy level splitting and the confinement
within the dimensions of the material. For instance, in three-dimensional (3D) systems N (E)
has a square root dependence with energy (Fig 2.6 (a)). Likewise, in 2D materials N(E)

forms a step like function with respect to energy (Fig 2.6 (b)). Whereas in 1D systems N (E)

is proportional to (E)_% as (Fig 2.6 (c)) presented, and it is dependent on (delta function)

energy in 0D systems as (Fig 2.6 (d)) illustrated.

N(V) N(E)

>
)
2
' (a) x E ' x g2
(GBD) |
N(V) =% N(E)
() _LI_' I'ﬁr"]_
(2D) q ‘. E —wr:smm

N(E.V)

>
23]
=
s

" N{\) |‘ T ] T\(F)
(0D) @ (q B | T [ |o< S(F}

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].
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2.3 HETEROJUNCTION STRUCTURES

Semiconductor structures can be produced in a number of configurations such as homojunc-
tion and heterojunction structures. When two layers of similar semiconductor crystals are
grown on top of each, the structure is called homojunction. If the two layers are made of dif-
ferent materials the structure is termed Heterojunction.

The homojunction semiconductors have the same bandgap (Fig 2.7 (a)), yet each layer could
have a different doping. In heterojunction structures the two layers could have different

bandgaps (Fig 2.7 (b)) and/or different lattice constants.

—

ALGa(n-Type) GaAs(n-Type) |
(b)

Fig. 2.7. Schematic illustration of (a) a homojunction structure and (b) a heterojunction struc-

ture.

2.3.1 LATTICE MISMATCH

Lattice matching can be obtained by growing two layers of materials on top of each other
while both have the same lattice constant (Fig 2.8 (a)). Contrarily, if the two materials grown
on top of each other have different lattice constants, then the formed structure is called mis-

matched. The lattice mismatch is determined by:

Aa _ Qigyer—Gsub (2 9)

Asub
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where a4y and ag,;, represent the lattice constants of layer and substrate, respectively.
During the growth process of the heterojunction structure, defects emerge at the interface. As
the difference between a;qy. and ag,, increases, the creation of defects would increase.
Two types of strains may occur in the mismatched system, namely compressive and tensile
strains.

Fig 2.8 (b) illustrates a compressive strain caused by placing a material of a larger lattice con-
stant than that of the substrate. On the other hand, if the top layer has a smaller lattice con-
stant than the substrate, the mismatched system will experience a tensile stain as demonstrat-

ed in Fig 2.8 (c).

(a) No strain (b) Compressive Strain (c) Tensile Strain

Fig. 2.8. Schematic illustration of (a) lattice matched structure, (b) Compression strain (lat-

tice mismatched structure) and (c) Tensile strain (lattice mismatched structure).

2.3.2 ATOM SIZE AND ELECTRONEGATIVITY
During the creation process of a heterojunction structure, a number of factors have key influ-

ence on the mismatched system. The growth process can be affected by the different atoms
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sizes of the two different materials, atoms electronegativity (%), and the alignment of the en-
ergy band of the two layers, in addition to the mismatching factor. The growth of two layers
of materials which have different atoms sizes results in strain. The formation of chemical
bonds during the growth process depends on the atom’s electronegativity, which is a unitless
feature that allows the atom to attract electrons for bonding. This atom property is usually
referred to as Pauling scale, as Linus Pauling was the first to demonstrate the principal of
electronegativity in 1932 [10]. If two materials A and B are layered together to form a hetero-
structure, then the difference in the electronegativity can be calculated via Pauling’s theory

as:

[Ep(AA)+Ep(BB)]
2

Xa—XB = (eV)_%\/ED(AB) - (2.10)

where Ep, (in eV) is the dissociation energy between atoms by type (AB, AA &BB). The intro-

duction of the (eV)_% to the equation is to balance the units so y, — xg would be unitless.
This difference in Pauling electronegativity, if found to be large, indicates a major change in
the electronic structure.

2.3.3 BAND ALIGNMENTS

The fabrication of heterojunctions is dependent on the band alignment of the layered
materials. Fig. 2.9 shows a schematic illustration of three different band alignments
categorised as type |, type Il and type Ill alignments. Type | alignment is referred to as the
straddled alignment, where one material (e.g. material B) has a smaller energy gap than
material A. The bands are aligned such that the valance band of B lies within the valence
band of material A, and the conduction band of B lies within the conduction band of A.

Common semiconductors with such alignment are InGaAs/InP and AlGaAs/GaAs structures.
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(Vacuum level )

(a) Type 1 (b) Type I (c¢) Type I

Fig. 2.9. Types of energy bands alignments in heterojunctions, where Ec, Ey, Eg, 4Ec, AEy
are the conduction band, valence band, energy gap, conduction band offset, and valence band
offset, respectively. k4 and kg are electron affinity of materials A and B, respectively.

In a type Il band alignment, the edges of the valence and conduction bands of larger bandgap
material A are above the corresponding edges of valence and conduction bands of smaller
bandgap material B. This type is called staggered alignment and it can be produced in hetero-
junctions such as GaSh/GaAs. The third type of alignment (type 111 band alignment) is known
as broken gap alignment such in GaSb/InAs heterostructures. This alignment is arranged such
as the edge of conduction band of B is aligned below the edge of valence band in material A.
To calculate the band offset of a typical heterostructure in semiconductors the theoretical ap-
proach of electron affinity can be considered. This theoretical model was designed by Ander-
son in 1962 [11]. The conduction band (AE,) and the valence band (AE}) can be found to ex-
perience an additional offset as a result of the difference in affinities of electrons in two dif-
ferent materials (k4 — k), which is determined by:

Ky —AE; — kg =0 (2.11)

AE, = AE; — AE, (2.12)
where Eis the energy gap.
Nevertheless, this rule only includes electron affinity but does not include states of defect,

surface interface and dislocation. Therefore, this model is limited. Furthermore, the rule con-
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siders intrinsic semiconductors so donor or acceptor charges cannot be taken into considera-

tion.

2.4 OPTICAL PROPERTIES OF SEMICONDUCTORS

Semiconducting surfaces interact with incident photons in many processes as they may be
reflected from the surface, transmitted through it or/and be absorbed in the material. If the
incidence is of high energy photons, they could excite an electron allowing its transfer from
valence band to conduction band. The optical interaction could contribute to atoms vibrations
or localized defects. Therefore, detection of optical response of semiconductor materials pro-

vides empirical data of the properties of the material.

2.4.1 ABSORPTION PROCESSES

Illumination of semiconductors with high energy photons can be used to produce an electron-
hole pair only if the photons energy is greater than the energy bandgap of the semiconductor.
Fig. 2.10 illustrates the illumination process of a semiconductor which can cause band-to-
band transition as shown in process (A) where the electron is excited by photon absorption
and transferred to conduction band, thus creating a hole in the valence band. Processes (B)
and (C) show the transition of electron to/from impurity atom leaving behind an electron
charge vacancy (i.e. hole). The transition can also be experienced between two impurity

atoms as process (D) shows.

Conduction Band

EC
Photon Ed Ed
—_— B C D Eg
hv >E,
E, E,
EV

Valence Band

Fig.2.10. Main optical processes involved in absorption mechanism in semiconductors.
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Measurement of optical absorption of a semiconductor material is a basic method to probe the
band structure of the material. If a light with wavelength A and intensity I, is incident on a
semiconductor surface of thickness t, the transmitted light with intensity I(A,t) can be

detected form the other side as:

I(A40) =[1=RW)](A)e Mt (2.13)

where R(A) is the reflection coefficient at the interface and a(A4) is the absorption coefficient

of the material.

The absorption coefficient @ (1) of semiconductors with direct bandgap such as GaAs, can be

determined using the following relationship [12]:

1/2

a(d) = A(hv — E,) (2.14)

where hv is the energy of the incident photon (in our case is a blue laser with 2.62 eV) and A

is dependant on the material properties.

Phonons are not involved in direct optical transition processes, while in the indirect optical
transitions a single photon is either emitted or absorbed with the transition to conserve the
momentum. The energy of the phonon is given by E,,, where the absorption coefficient a(4)
includes the absorption of a phonon «, and emission of the phonon a,. a(A) is given by:
a=a,+a, (2.15)
Thus, if the transition electron absorbs a phonon, the absorption coefficient «,, is calculated
as:
tq = B(hv — Ey + E,)" (2.16)
where hv > E, — E,, and B is a constant that can be determined from the materials properties

and temperature,

If the transition process involves a phonon emission, then the absorption coefficient is
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@ = C(hv—E, — E,)° (2.17)

where hv > E; + E,,, and the value of the constant C depends on the materials.

2.4.2 EMISSION PROCESSES

The creation of an electron-hole pair in the transition process results from the absorption of
photons. In the emission process, the formed electron-hole pair recombines and hence a pho-
ton is emitted. Therefore, the absorption phenomenon is the inverse of the emission process.
Emission of the photon can be radiative, where the electron in a high energy level transit to a
lower energy level. The released quantized energy is given by the difference in energy be-
tween the two levels, therefore the radiated electromagnetic wave keeps the momentum con-
served. The following section illustrates some of the important radiative transitions in semi-

conductors.

i) BAND-TO-BAND TRANSITIONS

In direct bandgap semiconductor, a band-to-band recombination transition can occur such
that the thermalisation of a free electron in the conduction band and a free hole in the valence
band results in their full recombination. The radiative recombination of the electron-hole is of
high probability in direct bandgap semiconductor. One of the strong light emitters is GaAs
compound which has a direct gap and is usually used in light emitting diodes (LEDs).

Indirect band-to-band transitions can occur from all occupied states in the conduction band to
all empty states in the valence band. However, these can only occur if the momentum is con-
served. In the occurrence of this transition phonons are emitted. Indirect semiconductors pro-
cesses are non-radiative and therefore, the probability of radiative transition in these semi-
conductors is small.

i) FREE EXCITON EMISSION

Excitons are quasi particles that are formed by the binding of free electrons and holes under

Coulombic interaction. These quasi particles have the ability to move freely through the crys-
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tal as excitons do not form any localized states. The quasi energy of an exciton is a combina-
tion of two energy forms, the translational kinetic energy and Coulombic interaction energy.

Excitons are part of radiative recombination process, where excitons are annihilated thus the
momentum is reduced by an amount equal to the momentum of the emitted excitons. In direct
gap materials, the emitted photon through this process is given by the energy of exciton E, as

[13]:

hv ~ E; — E (2.18)

While in the indirect bandgap materials, the energy of the emitted photon in the free exciton

radiative recombination is given by:

hv ~E; —E, — E, (2.19)

i) BOUND-EXCITON EMISSION

Another form of emission could result from the interaction of impurity atoms with an exciton.
The atom attracts the exciton via van der Waals interaction, which results in reducing the ex-
citon energy [14]. Photons are emitted as a result of this energy variation. If the semiconduc-
tor is doped with neutral impurities, then the probability of forming a bound-exciton emission
is high as these impurities are efficient in trapping excitons. This type of emission produces a
photon with an energy lower than the photon emitted from free excitons.

The bound-exciton can form a number of complexes with impurities such as: (D° X) is an
exciton (X) bounded to neutral donor (D°), (A° X) is a bound-exciton to neutral accepter
(A°), (D, X) is an exciton bounded to ionized donor (D*), and (A", X) bounded to ionized

accepter (A") [15].
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iv) DONOR-ACCEPTOR PAIR TRANSITIONS

If donors and acceptors both exist in a semiconductor, it is known as compensated semicon-
ductor. In such type, some donor electrons are captured by acceptors, thus compensated.
Hence, compensated semiconductor contains both ionized-donors (D*) and ionized-acceptors
(A).

Through optical excitation, electrons can be transferred to conduction band while holes are
created in the valence band. lonized-donors (D*) and ionized-acceptors (A) can trap those
charge carriers, resulting in the formation of neutral donor (D°) and acceptor (A°). If the ma-
terial is restoring its equilibrium, neutral-donors electrons are radiatively recombined with
neutral acceptors holes, thus allowing donor-acceptor pair (DAP) transition. This process can
be demonstrated by:

D°+A° > hv+D* + A (2.20)

where the emitted photon energy is expressed as:

hv = E, — (Eq + Ep) + % (2.21)
where Ej is the bandgap energy, Ey is the acceptor binding energy and Ej, is the donor bind-
ing energy. Coloumbic interaction is given by % between ionized donors and acceptors

with an ry, distance from each other. The r,, is a discrete radii when the acceptor and donor
are substitutional. The dielectric constant of the material is €. If the donor and acceptor are far
apart such that ry, is very large, then the Coulombic interaction is small and can be neglect-
ed. Therefore, the energy of the emitted photon becomes:

hV = Eg - (EA + ED) (222)

V) FREE -TO- BOUND TRANSITIONS
At high temperatures, band-to-band transition is of higher probability as surface donors and

acceptors are ionised. On the other hand, impurities’ charge carriers are frozen at relatively
low temperatures. Trapped holes on acceptors can be accumulated with free electrons due to
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photon excitation. Such recombination can be radiative and in some cases non-radiative. This
type of transition is called free-to-bound transition, involving the emission of a photon with

energy:
hv ~ E; — Eq — E,, (2.23)

where E 4 is the acceptor level energy and E,, is the released phonon energy in the crystal to

conserve the momentum.

2.5 CLASSIFICATION OF DEFECTS

A perfect crystalline structure has identical periodic arrangement of repeated unit cells along
the crystal orientation. Such crystals are considered as ideal [16-17]. However, practically
there are a number of defects existing in many forms such as point, complexes, and extended

defects. The following section highlights the most common defects in details.

2.5.1 POINT DEFECTS

A point defect refers to a disorder caused by a single atom, which is placed in an irregular site
in the lattice structure. Points defects have zero dimension, thus the interruption of the crystal
structure caused by these defects is at isolated sites. This type of defect can be present in
different forms such as vacancy, substitutional, interstitial and antisite impurities. If an atom
is missing from a lattice site in the crystal, a vacancy defect is created as shown in Fig 2.11
(@). In some cases, one of the basis atoms of a certain crystal structure is replaced by a
foreign atom impurity. This form of defect is known as substitutional defect, where an
impurity atom is placed in a lattice site in the host semiconductor (Fig 2.11 (b)). If one of the
host atoms is substituted by another host atom, this kind of substitutional defects is called an
antisite defect. For example, Fig 2.11 (c) shows an antisite defect in GaAs semiconductor,
where one As atom is substituted by one Ga atom [As antisite (Gaas)]. If the atoms are

reversed such that As occupies a Ga site then a Ga antisite (Asgy) is created.
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Another type of point defects is interstitial impurity shown in Fig 2.11 (d). This defect is
generated by an atom occupying the space between two atomic sites. If the atom is of the
same type as the host material atoms, then the defect is called self-interstitial. However, if the

interstitial atom is foreign from the regular crystal, the defect is known as foreign-interstitial.
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C\ ) I Y e ) (\ M) ) Y e )
) O W, @), { ) Y ), @), {
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Fig. 2.11. lllustration of different forms of point defects in crystalline semiconductors: (a)
Vacancy impurity; (b) Substitutional impurity; (c) Antisite impurity and (d) Interstitial

impurity.

2.5.2 COMPLEXES OF POINT DEFECTS

Complexes of point defects can occur when more than one point defect are bounded to each
other in a way similar to bounded atoms in molecules. If more than one point defect is
introduced in the crystal, then these defects can interact and produce pairs of complex
defects. If the complex point defect is produced by pairing of two interstitials atoms, the
defect is called split-interstitials defect which is illustrated in Fig 2.12 (a). The split-

interstitial defect can be the product of two interstitial atoms of the same host material
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forming a pair, or two impurity interstitials atoms pair. A complex point defect can also be
created by vacancy defects in the crystal structure as shown in Fig 2.12 (b). Many kinds of
complexes can be formed, for example if two vacancies form a pair, then the defect is called
Di-vacancy. If the pair is formed by self-interstitial atoms, the defect is then called Frenkel
defect. Furthermore, if the pair is produced by the interaction of foreign-interstitial, then the
formed complex defect is called vacancy-impurity complex. In addition, a complex pair can
be formed by vacancies and interstitial atoms producing a split vacancy. Another kind of
complex defect emerges from two point defects where one is substitutional impurity atom
and the other is an interstitial impurity atom forming impurity-pair defect as shown in Fig

2.12 (c).

Vacancy-Impurity pair ~ Di-Vacancy

AV ﬁJ!T)

(fL

I80s

Spilt-Vacancy Frenkel Defect

(a) Spilt-Interstitials
(b) Vacancy complexes

(c) Impurity-Pair

Fig. 2.12. Hllustration of different forms of complex defects: (a) spilt-interstitials, (b) vacancy

complexes, and (c) complexes of impurity-pair.

2.5.3 LINEAR DEFECTS
Linear defects refer to a line of atoms which are dislocated from their original positions in the

crystal. This type of defect is one dimensional, and can be classified as edge dislocation and
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screw dislocation. Fig 2.13 (a) illustrates the edge dislocation which is formed by insertion of
a half plane of atoms to the lattice forcing a distortion in the nearby atoms. On the other hand,
the screw dislocation is shown in Fig 2.13 (b), where a shift is applied to one part of the

crystal lattice only.

Fig. 2.13. Illustration of different forms of linear defects: (a) edge dislocations and (b) screw

dislocations.

2.6 DEFECTS AND THEIR CARRIER KINETICS

2.6.1 SHALLOW LEVELS AND DEEP LEVELS DEFECTS

The creation of defects in a material is associated with an energy change introduced to the
bandgap of the host material. This change in energy can be used to classify defects. If the
defects are located near the valence band or the conduction band, then the defects represent
impurities which are shallow levels impurities as shown in Fig 2.14. Although these defects
are known as dopant impurities, they actually include two kinds, namely shallow donor levels
for atoms donating electrons to the conduction band (Ec) and shallow acceptor levels for
atoms donating holes to the valence band (Ev) [18]. Shallow levels basically have ionisation
energy of 5-10 meV, which is considerably low. Hence, shallow levels can be ionised at room

temperature, and therefore they contribute to increasing the conductivity of semiconductors.
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Fig. 2.14. Schematic diagram of (a) shallow donor level, and (b) shallow acceptor level. E.,
E, and Ef represent conduction band energy, valence band energy and Fermi level,
respectively.

On the contrary to the shallow level defects, deep level defects are formed away from the
edge of the bandgap (Fig. 2.15). Deep levels are considered to have energies larger than 100
meV and they are known as recombination-generation centres. The presence of deep level
impurities could affect the electrical and optical properties of semiconductors. The

conduction mechanism involving impurities levels are discussed in the next section.

Ep

Deep levels

Fig. 2.15. Schematic diagram of deep level defects in semiconductors. Ep and Ea represent

shallow donor level and shallow acceptor level, respectively.

2.6.2 SHOCLEY-READ-HALL THEORY

Once an electron occupies a vacant energy state, a number of recombination phenomena
appear in the covalent bond. For an example, generation of an electron-hole pair is a result of
an electron with an energy high enough to become free from the covalent bond, resulting in a
free hole in the valence. The rates of generation and recombination processes are balanced at
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thermodynamic equilibrium where the concentration of holes and electrons is constant. This
balance is affected by external sources of energies such as incident light which increases the
carriers’ concentration leading to unequal generation and recombination processes. Such a

system is known to be in non-equilibrium [19].

Understanding the charge carriers’ emission and capture rates at equilibrium assists in
determining the occupancy of recombination-generation centres (G-R centres). A defect with
an energy E7 in the bandgap provides the possibility of four sub-processes as described in the

following [19]:

() Electron capture: an electron from the conduction band is captured by an empty trap with

an electron capture coefficient c, (Fig. 2.16 (a)).

(ii) Electron emission: a trapped electron is retransferred from level Er to the conduction

band (Fig. 2.16 (b)) where e, is the electron emission rate.

(iii) Hole capture: a hole from the valence band is captured by a trapped electron providing a

hole capture coefficient c, (Fig. 2.16 (C)).

(iv) Hole emission: a hole is emitted by an empty trap from level Er to the valence band (one
of the valence electrons is trapped in the conduction band leaving a hole in the valence band)

as shown in Fig. 2.16 (d) where e, is the hole emission rate.

In Fig 2.16 n and p are the electron and hole density, respectively, pr is a G-R centre

occupied by a hole, and nt is a G-R centre occupied by an electron.
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Fig. 2.16. Schematic diagram of capture and emission processes: (a) capture of electron (b)

emission of electron (c) capture of hole and (d) emission of hole.

For a donor G-R centre, the state pr holds a positive charge and the state ny is neutral.
However, in an acceptor G-R centre, pr becomes neutral and the state ny is negatively
charged. G-R centres are occupied by both electrons nr and holes pr, with a total density Nt

given by:
NT - TlT + pT (224)

The density of electrons in the conduction band is given by n and the density of holes in the
valence band is p, where their states in the G-R centers are given by n; and p, respectively.
When an electron or hole is created by a center or recombine in a center the densities of elec-
trons in conduction band and holes in valence band (n) and (p), respectively, and charges
states of the centers n and p; change with time. The rate of change with time of the electron

density for instance is expressed by:
P o-r = (0) = (@) = exny — canpy (2.25)

The number of electrons emitted per second by the G-R centre to the conduction band is re-
ferred to as the emission rate e,,. The concentration of the trap occupied by electrons is given
by n. From equation (2.25), it can be evident that the only parameters affecting the electron

emission are e, and ny. Also from this equation, it is obvious that the electron capture pro-
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cess depends on the presence of electrons in the conduction band n, the electron capture rate

¢y, and the concentration of the traps that are occupied by holes pr.

In a similar way to equation (2.25), the change in holes density per time is given by [19]:
d
d_z: lg-r = (d) — (c) = epPr — CppPnr (2.26)

The coefficient of the capture process of electron ¢, is affected by the electron thermal
velocity v;, and the capture cross-section o, of electron capture by G-R centre. This

dependence is expressed by:
Cn = UppOp (2.27)

2.7 GENERAL PROPERTIES OF SELECTED SEMICONDUCTOR

MATERIALS

This following section reviews some of the properties of semiconductors which are
investigated in this thesis.

2.7.1 GaP

Gallium phosphide is a I11-V semiconductor compound widely known for its potential and
promising applications due to its wide bandgap and thermal stability. I111-V compounds are
formed by the combination of an atom from group 11l (Ga) and an atom from group V (P) in
the periodic table. GaP is commercially promoted for its important applications in optoelec-
tronics and electroluminescent devices. The energy bandgap structure of GaP is shown in Fig.
2.17. The atomic configuration outside the core of gallium and phosphorus atoms is respec-
tively (s’p' and s?p®) showing that Ga has 3 electrons in the outer shell while P has 5 elec-
trons. If Ga and P are combined, then binding can be formed by an average of four valence
electrons per atom. Thus, allowing three different binding possibilities being (i) covalent, (ii)

ionic and (iii) neutral.
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Fig. 2.17. Energy bandgap structure of GaP. Eso, Ex, E| are energy of spin-orbital splitting,
energy of X-valley and energy of L-valley, respectively [20].

For GaP to form covalent bonding, four phosphorus atoms contribute with an electron each to
gallium atom, which has four valence electrons available for bonding. The produced bonds
are sp® hybrid and tetrahedral bond. If gallium donates 3 electrons to phosphorus, the two at-
oms become ionised as Ga™ and P* , allowing the formation of pure ionic bond. The ions of
Ga and P have two symmetrical closed shells configurations which are bonded by electrostat-
ic forces.

lonic formation of a material is determined by the atomic properties such as electronegativity.
This feature allows atoms to attract, thus transfer charges depending on the electronegativity
of the two atoms. If the atoms retain their electrons while bonding, they form a neutral bond
with no difference in charge between the gallium and phosphorus.

Indirect transitions processes refer to transitions that occur between indirect band-to-band.
GaP is found to be an appropriate material to study the optical processes occurring indirect
bandgap semiconductors. GaP compound is an indirect bandgap where the gap size is de-

pendent on the temperature such as at 0 K E; = 2.338 eV, while at 300 K E; = 2.26 eV.
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Table 2.2. Some important properties of intrinsic GaP at 300K. hy, and I, represent heavy hole

and light hole, respectively [21].

Parameter GaP
Crystal Structure Zincbhlende
Lattice constant (A) 5.4505
Crystal density (g/cm3) 4.14
Energy bandgap (eV) 2.26
Band type Indirect
Electron effective mass 1.12m,
Hole effective mass 0.79mo(hy)
0.14my(1y)
Dielectric constant (static) 111
Electron affinity (eV) 3.8

2.7.2 GaAs

Gallium arsenide (GaAs), a I11-V compound, is one of the most known materials and the next
important semiconductor after Si. The properties of this compound were understood 30 years
after it was first demonstrated by Goldschmidt in 1920. This compound has a direct bandgap
as shown in Fig. 2.18, where the conduction and the valence bands vertices are at k = 0.
Therefore, electrons transfer between the conduction band and the valence band with conser-
vation of momentum. GaAs has many applications in optoelectronic devices because of its

direct bandgap.
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Fig. 2.18. Energy band diagram of GaAs. Eso, Ex, E| are energy of spin-orbital splitting, en-

Heavy holes

v

ergy of X-valley and energy of L-valley, respectively.
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In comparison with Si, GaAs had a direct bandgap where Si has an indirect bandgap. Addi-
tionally, GaAs has a resistivity of around 10® Q-cm, which higher than Si resistivity of ~
6.4x10% Q-cm. As a result, GaAs has less parasitic capacitive effects which make it suitable
for the use in high frequency integrated circuits as a semi-insulating substrate. The energy
gap of GaAs is larger than Si, and thus the compound is stable for high temperature applica-
tions. Some important intrinsic GaAs properties at room temperature (300 K) are provided in

Table 2.3.

Table 2.3. Some important properties of intrinsic GaAs at 300K. hy, and I, represent heavy
hole and light hole, respectively, and my is the effective mass of electron at rest [21].

Parameter GaAs
Crystal Structure Zincblende
Lattice constant (A) 5.6533
Crystal density (g/cm3) 5.360
Energy band gap (eV) 1.42
Band type Direct
Electron effective mass 0.063 m,
Hole effective mass 0.51 mq (hy)
0.082 m, (I1)
Dielectric constant (static) 12.85
Electron affinity (eV) 4.07

2.7.3 DILUTE GaPN

In 1990s the first epitaxial growth of dilute nitride semiconductor materials was demonstrated
[22-23]. These materials have uncommon physical properties which make them acceptable
for use in technological applications such as optical amplifiers, solar cells, LEDs, laser diodes

[24-25].

Among these materials, GaPN is an interesting material for pseudomorphic integration of
photonics on silicon. The gallium phosphide (GaP) has the smallest lattice mismatch to
silicon among binary I11-V compound semiconductors (0.37% at room temperature). In

addition, the residual strain due to this lattice mismatch can be compensated by the
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incorporation of a few per cent of nitrogen in GaP [26]. Particularly, lattice-matching with Si
can be achieved by adding a 2.2% nitrogen into GaP(N). In fact, the doping of GaP
semiconductor, which is an indirect bandgap semiconductor (2.26 eV), with nitrogen (N)
isoelectronic impurity has been widely used in the past to improve its radiative efficiency,
and thus, making it suitable for optoelectronic applications. It has been shown that the
incorporation of nitrogen in GaP leads to an extremely large band-gap bowing and N-induced
transformation from an indirect to a pseudo-direct bandgap which is less than that of GaP by
approximately 0.1 eV with one percent of nitrogen. This type of transition in GaPN was
previously explained by the band anticrossing model (BAC model), due to the interaction
between heavily localized N states and extended states of the conduction band minimum that
splits the conduction band into two subbands and leads to a reduction of its fundamental band
gap [27]. Kent and Zunger [28] have pointed out that all the localized levels which are related
to isolated N, N-N pairs, N triplets or N chains are located below the conduction band
minimum (CBM) of GaP. In other words, the incorporation of N breaks the translational
symmetry of the host crystal perturbing the conduction states of the host crystal at the T', L
and X points. The degradation of the conduction band minimum (CBM) is described by
repulsion between these perturbed host states. With large N content, the interaction between
the CBM and the deepest cluster states becomes stronger; therefore the wavefunction results

in a mix of localized and further delocalized levels.

2.7.3.1 THE BAND ANTICROSSING (BAC) MODEL

In order to understand the results of adding N into GaP with the expected bandgap shrinking
due to the N incorporation, the Band Anti Crossing (BAC) model [29] is used. The BAC
model is an oversimplified description of the band structure changes induced by isovalent N
atom in a I11-V host matrix. However, it predicts accurately bandgap energies and gives rea-

sonable explanation of increase of electron effective mass for low N quantities. In GaPN, the
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N level lies about 600 meV below the T minimum of the conduction band. The interaction

between these two levels leads to the formation of a I'-like band and a pseudo-direct band gap

transition. As for GaAsN, two subbands emerge [30 - 31] and their energies can be given by:

ES™ — @/ 2)[(E3?P(k)+ £, )+ (ES (0 =E, | +4xcﬁ:‘:’2] (2.27)

with E, (GaP)=2.18eV and C% =3.05eV . The GaP conduction band minima values are:

Es =2.78V, EX =2.26eV and E; = 2.60eV.

Following the previous equation (2. 27), the conduction band minimum (CBM) reaches E.

=2.05 eV, which corresponds to a reduction of the band gap

AE,. =EX(GaP) - EL (GaPN) =0.216eV .

These results are in very good agreement with the observed PL peak position at room tem-
perature confirming the successful incorporation of N in GaP layers. However, the new fun-
damental conduction states are strongly localized, the projection of the wavefunction on the I~
states being of the order of 10%. When the nitrogen fraction is increased, the /7~ character is
more pronounced, reaching a value of about 25% for 3% of nitrogen. However, the strong
localized character of this ternary makes it questionable for high efficiency light emitting de-
vices. When GaPN is pseudomorphically grown on GaP or Si substrates, it experiences a
slight tensile strain, leading to a reduction of the band gap energy and a splitting of
heavy/light hole levels.

2.7.4 DILUTE GaAsN

In the case of isovalent impurity atoms substitute a host atom of the same valency,
semiconductor alloys are created that leads to produce weak perturbations in the host crystal

band structure. When the isovalent impurity atoms and the host atoms have different
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properties, the host band structure can be changed significantly such as atomic radii,
electronegativity, etc.

For example, GaAs band structure changes partially when an impurity atom such as
phosphorus (P) substitutes As or indium (In) substitutes Ga in GaAs. However, when
nitrogen (N) atoms are incorporated into GaAs, the band structure of GaAs changes
significantly due to the formation of single GaAsN crystal. The energy gap of GaAs reduces
by approximately 0.1eV for each percent of N in the alloy. In fact a significant local potential
is generated due to the large differences in atom size and electronegativity of N atoms and
host anions [32]. Thus, this creates N-related localized states near the conduction band edge
which leads to the reduction of the band gap and other associated effects. The band
anticrossing model (BAC) has been introduced by Shan et al. [29] which has been used

extensively to interpret the characteristics of GaAsN. This model is described briefly below.

2.7.4.1 THE BAND ANTICROSSING (BAC) MODEL

The interaction between the localized state of nitrogen and the extended conduction band
states of the host semiconductor matrix is used in the BAC model [29-33] to explain the
electronic structure of N-alloys. This interaction leads the conduction band to split into the E.
and E. bands, and a decrease of the fundamental bandgap which is dependent on the nitrogen
composition.

Fig. 2.19 demonstrates the anticrossing behaviour between the N-related state (Ey) and
conduction band edge (Ecg) of GaAs. The N related states are spread over the reciprocal
space with constant energy because they have localised nature. Ey and Ecg energy states are
shown in Fig. 2.19 by dotted lines. According to the BAC model, the energy of these two

states resulting from their interaction is given by:

E.= 1(EN + Ecg i\/(EN - ECB)2 +4VCZB,NJ
2 (2. 28)
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where V¢pn is the coupling parameter describing the strength of interaction between the

localized N states and extended CB states which is given by:

_ oy
Vean = CX (2. 29)

where C is a constant whose value depends on the semiconductor host and x is the nitrogen

fraction in the alloy.
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Fig. 2.19. Schematic diagram of band anticrossing model of GaAsN.

The BAC model is a non-ideal model as it does not consider the broadening of the energy
levels or splitting of L-conduction band extrema, and only describes the interaction between a
single isovalent impurity level and the conduction band edge. In spite of all its shortcomings,
the BAC model has been a popular and most cited model in dilute nitride literature because of

its simplicity and satisfactory fit for many characteristics of the alloy.

2.7.4.2 SOME IMPORTANT PROPERTIES OF GaAsN

Dilute nitride GaAsN has shown unusual properties such as a large band gap reduction,
enhancement of the effective mass, low charge carrier mobility, and small lifetime of the
charge carriers. Some of these properties are illustrated below.
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Considerable studies of dilute nitrides alloys have reported a different group of values of the
effective mass of the electron ranging from m¢* ~ 0.8m, to 0.1m, (m, is the mass of the
electron at rest). In dilute nitride materials the increased effective mass (GaAs: mg* ~
0.0663m,) and large alloy scattering lead to the degradation of mobility of electrons and
holes. For example, Ptak et al. [34] noted a significant degradation of hole mobility in both
molecular beam epitaxy (MBE) and metal organic chemical vapour deposition (MOCVD)
grown GaAsN samples. In a similar way, a reduction in electron mobility is observed and is

correlated to the increase of the electron effective mass [35].

The lifetime of the charge carriers in light emitting devices is considered to be a significant
parameter. In dilute nitride materials, carrier lifetimes have smaller values because of the
high defect densities. Ahrenkiel et al. [36] have observed that at room temperature with one

percent of nitrogen in GaAsN, the lifetime of the carriers is less than 1ns.

Undoped dilute nitrides materials grown by MBE or by MOCVD are in general p-type [37].
However, Kurtz et al. [38] have noted the conversion of the conductivity type when they
annealed their samples. They have attributed this transformation of conductivity type to

nitrogen-hydrogen defects which were formed after annealing.

2.7.5 S-SHAPE IN DILUTE NITRIDES

One of the most common behaviour that has been observed while studying the bandgap of
dilute I11-V-N is called S-shape [39]. For example, by analysing the temperature dependence
of photoluminescence (PL) measurements, it was observed that at low temperatures the
bandgap energy decreases and then increases as the temperature increases. At high tempera-
tures the bandgap decreased again. [40]. This S-shape behaviour can be explained as follows.
Firstly, at low temperatures the electron-hole pairs (excitons) of higher energy are gradually
redistributed into low energy, which causes a decrease in the PL peak energy. Secondly,
when the temperature is increased, more thermal energy is transferred to excitons which are
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then activated into delocalized states, resulting in a rapid increase in bandgap energy. Finally,
all excitons are delocalized and the PL peak energy is reduced as a consequence of the

bandgap bowing with temperature [41].

2.8 DEFECTS IN SELECTED SEMICONDUCTORS

Most of modern electronic devices are based on the use of semiconductor materials which leads
to a significant development in the semiconductors industries. The major difficulties in these in-
dustries are to fabricate perfect crystals. In fact, all crystals have impurities and defects when for-
eign atoms have the ability to enter the crystal structure or/and some atoms can be missing in
crystal structures or lattices [18]. In general, the presence of these impurities and defects in devic-
es affects their performance by changing their electrical and optical properties. Therefore, it is
essential to identify and characterise the defects created during growth and processing of these
materials and devices to understand their roles that could affect the performance of these devices
[19]. In the following section a brief literature review of defects in GaAs, GaAsN, GaP and GaPN

materials will be presented.

2.8.1 DEFECTS IN GaAs

Gallium arsenide compound is a I11-V semiconductor which has gained huge interest for its
properties that allow applications in electronics and optoelectronics devices. During the
growth of GaAs compound different kinds of native defects can be formed in the structure of
the compound, such as vacancies, interstitials, and antisite defects. The main intrinsic defect
in GaAs is EL2, which is associated with energy level in the range of 0.70 eV to 0.85 eV
[42]. This defect is usually present with a concentration of ~ 10*® cm™ in bulks and ~ 10" cm’
% in epitaxially grown materials [43]. The formation of EL2 defect corresponds to isolated
Arsenic antisite defect (Asca) [44-45] or complex defect including Asg, and arsenic intersti-
tial [46-47]. Another common defect in GaAs is EL3 trap, which has an energy level of

~0.575 eV [48]. Substituting oxygen on arsenic sites (0c-Oas) causes off-centre complexes,
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which are usually responsible of the occurrence of such traps [49]. In addition, EL5 and EL6
defects are found in GaAs with energy levels of ~0.43 eV and ~0.35 eV, respectively [48].
The EL5 defect is related to complexes with As interstitials- Ga vacancies (AsiVga) [50],
while EL6 is associated with complexes involving arsenic antisite defect (Asgs) and arsenic
vacancy (Vas) [51]. Moreover, EL10 trap defect can be formed in GaAs with an energy
around ~0.18eV [48]. This low energy trap is assigned to an arsenic vacancy (Vas) complex

defect involving an impurity [52-53].

2.8.2 DEFECTS IN DILUTES GaAsN

If nitrogen atoms are incorporated into the GaAs crystal, they introduce a general perturba-
tion in the electronic band structure. In the crystalline structure of GaAs, when As atoms are
substituted by nitrogen atoms they create localised energy states at the edge of the conduction
band [54]. As a result, the bandgap of the semiconductors is reduced significantly [55]. Such
reduction changes the electrical and optical properties of the material [56]. On the other hand,
N atoms in non-substitutional sites in the lattice of GaAs create defects which degrade the
quality of the crystal, and consequently resulting in a reduction of the carrier lifetime and low
optical efficiency [57-58].

In this dilute nitride semiconductor, many types of point defects can be formed such as N-
interstitials, As-antisites and Ga-vacancies as demonstrated by a number of studies. For ex-
ample, Zhang and Wei [59] reported the presence of substitutional N, N—N spilt interstitial
and Ga vacancies through thermodynamic calculations. These defects are likely to occur in
GaAsN materials grown by MBE and MOVPE [60]. Fig 2.20 demonstrates such types of de-
fects. It has been reported by T. Ahlgren et al. [61] that as the composition of N increases in
GaAsN, the N substitutional concentration increases. However, they have shown that the N

interstitials concentration did not change (2.3 x 10%° cm™) with the increase of N contents
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from 0.7% to 3%. They determined that these non-radiative recombination centers could have

a major degrading effect on the optical efficiency of nitride materials.

(a) (b) ©)

Fig. 2.20. Configurations of nitrogen in GaAsN; (a) substitutional N; (b) N-N split intersti-
tial; (c) Ga vacancy and As antisite (after Zhang and Wei [59]).

Deep Level Transient Spectroscopy (DLTS) technique is usually implemented to characterise
defects in GaAsN, in particular defects that are electrically active. For example, P. Krispin et
al. [62] deployed DLTS measurements in MBE grown p-type GaAsN samples, and reported
the existence of HK1 (0.16 eV), HK2 (0.39 eV), HK3 (0.35 eV), HK4 (0.45 — 0.55 eV) and
HKS5 (0.69 eV) hole traps in the samples. They demonstrated that the highest concentration of
HK1 trap is at the interface of GaAsN/GaAs. They also suggested that HK2 and HKS5 traps
could be associated with Gaas antisites (Ga on As site) observed in GaAs grown by liquid
phase epitaxy (LPE). On the other hand, HK3 and HK4 were associated with copper and iron
related defects, which are connected with the operation of the nitrogen plasma cell during
GaAsN growth. Additionally, P. Kripsin et al. [63] also reported the presence of two N-
related electron traps in Si-doped GaAsN samples. These traps have been assigned to (N-N)
and (As-N) split interstitials having thermal activation energies of 0.8 eV and 1.1 eV, respec-
tively, located above the valence band edge. The EL2, EL3, EL6 and EN3 defects are well-
known in GaAs; the same defects were also detected in GaAsN or GalnNAs structures [64].

Optically detected magnetic resonance (ODMR) measurements [65-66] have indicated the
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presence of As antisites in Ga(In)NAs alloys. Arsenic antisites (Asg,) have been found to be
attracted by substitutional N in GaAs, resulting in the creation of efficient non-radiative cen-

tres of (Nas—Asga) complex defects [67-68].

2.8.3 DEFECTS IN GaP

GaP substrate has been found to contain impurities that are very degrading for the photovolta-
ic (PV) properties. For example, isoelectronic nearest neighbour Zn-O pair is a defect that
behaves as recombination center reducing the efficiency of GaP solar cells to 4% or below
[69, 70, 71, 72, 73]. Furthermore, it has been shown that O impurities can appear even in epi-
taxial layers of GaP grown in a solid source MBE chamber, as a result of the phosphorus
cracker temperature which is above 800°C [74]. Additionally, GaP surface has a high recom-
bination velocity which prevents its use as a window layer as it requires to be passivated [70-
75].

D. G. Thomas et al. [76] investigated defects in GaP. The photoluminescence signal has been
observed for GaP crystals, which were grown from gallium solution at 20 K. The obtained
spectra have shown several sharp lines. Such lines are mostly caused by the radiative recom-
bination of trapped electrons and holes at donors and acceptors. Some of the lines result from

excitons bound to point defects.

R. Krause et al. [77] performed positron lifetime and Hall effect measurements to identify
vacancy defects in GaP. In their study, Ga vacancies have not been found, while P vacancies
have always been present in as-grown material with a concentration in the order of 10*® cm.
The study also demonstrated that within the upper half of the bandgap there are at least two
ionization levels identified as Vi /V2at E. — Ep > 400 meV and V2/Vy at E; = Ep =

250 + 30 meV/, respectively.
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2.8.4 DEFECTS IN DILUTES GaPN

Recently, systems of dilute nitride materials have gained a great interest due to the exception-
al properties of such materials. One of such properties is the strong downward bowing of the
bandgap if incorporated with a small percentage of nitrogen [78]. In particular, GaP:N mate-
rial has been massively studied in the recent years. Such material has been usually studied as
an alloy in order to determine its physical properties [79]. Nevertheless, due to the large
bandgap reduction and massive bowing caused by N doping into this material, it has been
considered an abnormal alloy. Typically, host semiconductors which incorporate isoelectron-
ic impurities are considered alloys [80]. The influence of isoelectronic impurities can be ne-
glected in the dilute limit if the impurities do not introduce bound states in the host material
[81]. Nevertheless, there are a few remarkable cases where induced isoelectronic impurities
produce bound states. Such bound states are either “donor-like” such as in GaP:Bi and/or
“acceptor-like” as in GaP:N [82].

Nevertheless, a number of studies illustrated that such systems can be viewed in the frame-
work of heavily doped semiconductors rather than alloys [83, 84, 85]. Accordingly, heavy
doping allows the creation of an impurity band that is basically positioned under the intrinsic
bandgap of the host. This induced band reduces the bandgap significantly and results in sev-
eral other phenomena, for example, the semiconductor could go through the so-called Mott
transition. Incorporation of N into GaP has been achievable since the early 1990’s, where
non-equilibrium growth techniques such as MBE allowed for much larger amounts of N to be
incorporated. Baillargeon et al. [86-87] and Liu et al. [88] showed that doping GaP with
about 1% N results in a large red shift of the absorption edge. The bandgap is therefore re-
duced which indicates the creation of a N induced impurity band in GaP. It was later shown
by Xin et al. [89] that if the N concentrations exceeds 1%, then the absorption edge in GaP:N

becomes similar to the energy of a direct gap semiconductor, showing the same ,/E — E, de-

pendence. This result indicated that this material could be suitable for LED devices.
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The doping range of GaP:N is relatively large being in the impurity limit range
(~10%> - 20%2%m3). In addition, the material has a high-critical concentration leading to the
creation of an impurity band [85]. Therefore, GaP:N is a unique system which provides an
opportunity to explore the effects of the impurity band which results from heavy isoelectronic
doping. In the 60’s to the 80’s, it was founded that N acts as an isoelectronic trap in materials
such as GaP and GaAs [89, 90, 91]. In both these materials, thermodynamic calculations [92]
suggested that N was insoluble. While other studies showed that in bulk crystals grown by
Liquid Phase Epitaxy (LPE), it was only possible to incorporate N with doping levels less
than101?, which resulted in the demonstration of N induced trap levels in these semiconduc-
tors [83-85].

It has been reported [86] that at a very low-doping level ([N] < 1017 ¢cm3), only one emis-
sion line namely (A-line) can be observed from the exciton bound to isolated N center [86].
For higher doping levels (up to [N]~101° ¢m3) different N-N pairs introduce a series of
emission lines (NN; lines, i=1, 2, 3 etc.) with their phonon sidebands in an energy range of
140 meV below the bandgap [89]. The deepest N-N pair bound state is NN, which was re-
cently found to be present up to concentrations of [N] ~1 x 102° cm3 or x = 0.43% [87, 88,
93, 94]. At a higher N concentration, no structures were observed as the spectrum was con-

siderably broadened.

Overall, heavy N doping in GaP introduces a huge bandgap “bowing” phenomenon, red-
shifts in the photoluminescence, and impurity band levels in the band structure.

Further studies have reported [95-96] that several structural defects exist in dilute nitride ma-
terials such as point defects, alloys fluctuations and phase separation. Those defects are be-
lieved to be caused degradation in optical and electrical properties of GaPN-based alloys. The
origins of these defects are still not fully understood, however, they are usually attributed to

N composition, N clusters, Pg, antisite, Ga; interstitial and Ga, defects [97, 98, 99].
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2.8.5 EFFECTS OF RAPID THERMAL ANNEALING (RTA)

To improve the quality of the dilute nitride alloys, post-growth thermal annealing has to be
monitored in order to produce materials with better optical and electrical properties [100-
101]. This mandatory process allows atoms to migrate and reduces many of the defects that
emerge during the growth [102, 103, 104]. For example, intrinsic point defects in Galn(N)As
and GaPN were identified as As.. antisites, N interstitials, and Ga vacancies [105-106]. An-
nealed dilute nitride materials show an improved PL intensity [107], higher quenching tem-
perature and a narrower Full Width at Half Maximum (FWHM) [108-109]. In addition, a
blueshift occurs in the PL signal due to modification of the electronic band structure caused
by interdiffusion process, when nitrogen transit from interstitial to substitutional site, thus
forming a defect [110]. The amount of such effects is highly dependent on the annealing pa-
rameters (time, temperature and atmosphere), as well as the growth conditions [111]. Past
studies concerning GalnNAs(Sb)/GaAs Quantum Well (QW) materials showed that via an-
nealing the S-shape behaviour observed in PL can be reduced with respect to temperature
[112]. As mentioned previously, the S-shape emission is one of the dilute nitride properties
that depends on the induced N states to the bandgap of I11-V materials [113]. If the S-shape
emission is reduced, then this indicates that the annealing process has successfully reduced
the effect of the N localized states [114]. Therefore, the S-shape is a non-monotonous change
in the PL peak energy. It is widely suggested that annealing assists in the reorganisation of N
atoms in the lattice, therefore resulting in reduction of alloy fluctuations [115]. The S-shape
behaviour can be eliminated by controlling the growth and annealing of the dilute nitride,
thus reducing the N localized states that caused the S-shape emission in the as-grown materi-

als.

49



2.9 P-N JUNCTION

A p-n junction refers to joining two materials where one is of p-type and the other is of n-type
[116]. The junction is formed when electrons of the n-type flow to the p-type material and
holes from the p-type to the n-type. This in turn creates a depletion region that prevents any
further carrier flow from the two different sides of the junction, hence acting as a barrier. A
schematic illustration of a p-n junction and its energy bands is shown in Fig 2.21 where the
figure shows the change in the energy levels before and after the creation of the junction
where the transitions are considered under thermal equilibrium with no application of applied
bias. As the p-n junction is formed, Fermi levels of n and p sides (Eg, and Eg, respectively)
change with respect to the conduction band energy, valence band energy and intrinsic Fermi
level (E¢, Ey, and Eg; respectively). The potential difference between Fermi level and intrinsic
Fermi level in n-region and p-region are represented as V, and Vy, respectively, where qVy; is
the built-in potential. ys is the electron affinity of the semiconductor material and x, and X, are
the widths of the depletion layer regions in the n and p sides, respectively [117-118]. The
Fermi level of the p-n junction is created as soon as the junction is formed, and at
thermodynamic equilibrium Eg remains constant [117-119] as seen in Fig 2.21 (b). Moreover,
in Fig. 2.21 (b), the n and p doped regions are considered to be uniformly doped and there is
an abrupt transition between these two regions. Thus this leads to the formation of an abrupt
junction (or step junction). In contrast, a linearly graded junction is formed when the doping
concentration is not uniform across the p-n junction regions. Fig. 2.21 (a, b and c) illustrates
three separate regions in a p-n junction, which are the quasi-neutral p and n regions (QNR)
away from the metallurgical junction, and the space-charge (or depletion) region (SCR),
which is occupied by ionized shallow acceptors in the p-depletion region and ionized shallow

donors in the n-depletion region.
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Fig. 2.21. Schematically diagram of a p-n junction: (a) the energy band structure of a p-type
and n-type semiconductors before forming the junction (b) the energy band structure after the

formation of the junction (c) p-n junction showing the depletion region (or space charge
region).

2.9.1 P-N JUNCTION UNDER BIAS CONDITIONS

The equilibrium condition of a p-n junction can be disturbed by an external bias voltage,
which is usually applied between p and n regions. As a result, charge carriers start flowing
via the junction. The direction of the current is determined by the polarity of the applied ex-
ternal biases, which are either forward bias or reverse bias conditions. Applying a reverse bi-
as voltage results in pushing the charge carriers (electrons and holes) away from the junction

and thus it is difficult for them to cross the depletio n region. Fig 2.22 illustrates the changes
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in the band structure of a p-n junction before and after the external bias. Fig 2.22 (a) shows
Fermi energy at zero bias to be constant across the junction. If a forward bias voltage is ap-
plied across the junction as shown in (Fig 2.22 (b)) the potential barrier across the junction
lowers to (V,,; — V) and the depletion width decreases. As a result, high current flows through
the junction. In this case, the Fermi level in the n side Eg, is shifted down by half its value at
equilibrium while the Fermi level in the p side Er, does the reverse. The application of a re-
verse bias voltage causes the Fermi level of the n region to be shifted lower than the Fermi
level of the p region as shown in Fig 2.22 (c), hence increasing the potential barrier to
(Vp; + V). The depletion width expands and as a result the current flow through the junction
becomes very small. This means in a reverse-bias condition, the current flows only by ther-

mal effects.

By neglecting the voltage drop in p and n quasi-neutral regions and modifying the solution of
the Poisson’s equation at zero bias with (V,; £ V) instead of V},;, one can get the depletion

width for abrupt junction under bias condition to be:

1/2
_ Zss(NA+ND) ]
W= (—QNAND Wy, + V)) (2.30)

Reverse and forward bias conditions are indicated by the plus and minus signs, respectively.
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Fig. 2.22. Schematic diagram of the energy band structure of a p-n junction under (a) a zero-

bias, (b) a forward bias, and (c) a reversed bias condition [120].

2.9.2 DEPLETION LAYER CAPACITANCE

One of the key parameters of the p-n junction is the depletion capacitance of the space charge
region, which is an important parameter that helps to understand and characterize the p-n
junction. The measurements of the capacitance of a device as a function of reverse-bias volt-
ages help to determine the built-in potential of a junction. Moreover, the capacitance-voltage
analysis is a standard method used to estimate the carrier density profile of a Schottky diode
or p-n junction [120]. Since a p-n junction is composed of a double layer of donors (with pos-
itive charges) and acceptors (with negative charges), its related capacitance is expressed as

[121]:

C — d_Q — d(qNAxp) — d(q ann) (2.31)
av av av
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where dQ represents the charge in the depletion region and dV is the applied voltage. Moreo-

ver, this capacitance can be given as a function of the junction depletion width as:
C=— (2.32)

where A the area of the junction and &g is the permittivity of the semiconductor. Considering
N, > Np and using Equations (2.31) and (2.32), the one side abrupt junction capacitance can
be written as:

d A[2esqNp1t/?
c=%_4 [M] (2.33)

av 2L VitV

From this equation, it is evident that as the applied reverse bias is increased, the capacitance
of the diode decreases. Hence, a linear relationship can be seen in the plot of the inverse of
the capacitance square, (1/C?), as a function of applied voltage, V, as illustrated in Fig. 2.23.
The doping concentration of the lightly doped semiconductor is found from the slope of the
line, and the x-intercept of this line (at 1/C? = 0) gives the built-in potential across the junc-

tion [120-121].

—Vhi

Fig. 2.23. A typical plot of 1/C2 versus applied reverse-bias voltage for a one step- junction
diode.
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2.9.3. CAPACETANCE IN P-I-N JUNCTION

For a p-i-n junction the total potential of the diode take the following form [121]:
(bn +¢p +¢H = ¢I - Va (234)

Where V, is the applied voltage. @,,, @,, @, are the potential across n, p and middle of un-

doped regions of the diode, which are expressed as:

) 2
_aNgxy . dNa¥p and 6. — GN o pd

Pn

) ¢ u
¢ P 285 85 (235)

where:
qNaxp =qNgx,

where x,, and x,, are the deplion regions width, d is the thickness of the middle undoped re-

gion. & is the electric charge density.

As the capacitance of a p-i-n diode can be obtained from the series connection of the capaci-
tances of each region, therefore, it is simply can be expressed by adding both depletion layer

widths and the undoped region width, and given as:

(2.36)

2.10 PHOTOVOLTAIC CELL

The principle of a photovoltaic cell or a solar cell is the transformation of the energy from
sunlight into electricity directly as shown in Fig. 2.24. The physics of such transformation is
based on photons absorbed by a semiconductor p-n junction, forming electron-hole pairs

(EHPs), as shown in Fig. 2.24. This in turn results in an electrical current flow [122].
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Fig. 2.24. Operation principle of a solar cell. E and v are energy and frequency of the photon
[122].

The efficiency of a solar cell (n) depends on the absorption and the temperature of the solar
cell. Thus, the chose of the optimum energy bandgap for a semiconductor used for solar cells
fabrication is very significant to reach high efficiency solar cells by increasing the absorption
process [123]. The fill factor (FF) also a significant parameter in solar cells. The relation be-
tween the FF and n as given in (2.37) simply indicates that increase the FF leads to enhance

the efficiency of the solar cells [123].

_ FFXVocXIsc

x 100% (2.37)

in
where FF represents the fill factor, V, is the open-circuit voltage, and I is the short-circuit

current.
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CHAPTER 3: EXPERIMENTAL WORK

The purpose of this chapter is to provide a brief description of the samples used in this study.
The equipment and experimental setup used for the measurements carried out for the optical
and electrical characterization of semiconductor materials will be briefly illustrated. This
chapter presents also the experimental methods used to investigate the optical and electronic
properties of the semiconductor structures studied in this thesis. Photoluminescence (PL)
spectroscopy, current-voltage (I-V), capacitance-voltage (C-V), deep level transient
spectroscopy (DLTS) and Laplace DLTS techniques will be discussed. This chapter also

illustrates the hardware and software used in this study.

3.1 SAMPLES USED IN THIS STUDY
The samples investigated in this thesis were grown and processed by the French group at the

University of Rennes, INSA Rennes, CNRS, Institut FOTON, France.

The main motivation of this thesis is to investigate (i) the optical properties of different
materials structures for optoelectronic and photovoltaic applications and (ii) the electrically

active defects present in these devices and their effects on their electrical properties.
In this thesis four groups of materials have been investigated using different structures:

I.  GaP1.xNx epilayers grown on GaP substrates with nitrogen concentrations ranging
from x=1.4 to 2.7%. The samples were annealed at 800 °C for 5 minutes under a
forming gas atmosphere using a rapid thermal annealer (RTA). The aim was to
understand the effect of nitrogen composition and rapid thermal annealing on the

optical properties of GaP;.xNx.

ii.  Dilute GaAsPN (As= 10%) and InGaPN (In= 7%) epilayers grown on GaP substrates

with nitrogen concentration of 1%. The samples were annealed at 800 °C for 5
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minutes using RTA. The aim was to understand the effect of arsenic and indium, and
rapid thermal annealing on the optical properties of GaAsy 1Pos9Np.o1 and Ingo7Gag gz

P0.99No.01.

iii.  Dilute GaAsp1PossNoo1 thin films grown on GaP substrates with two epilayer
thicknesses, namely100 nm to 1 um. The samples were also annealed by RTA at 800
°C for 5 minutes. The aim was to investigate the effect of epilayer thickness and

thermal annealing process on the optical properties of these devices.

iv.  Dilute GaAsPN-based P-I-N solar cell structures where the | region is p doped.
Similar RTA procedure and conditions were used to anneal these devices. The aim
was to investigate the electrically active defects in order to understand the physical

phenomena that affect the defects after annealing.

The growth details of each set of samples are presented in each related experimental chapter.

3.2 MEASUREMENT DETAILS
This section provides the details of the experimental setup and equipment used for the

measurements of the devices studied in this work.

3.2.1 PHOTOLUMINESCENCE MEASUREMENTS

The PL spectroscopy technique is a contactless and non-destructive method that is commonly
used to probe the electronic structure of semiconductor materials. Low temperature
photoluminescence measurements have been performed using a He closed-loop system which

operates from T ~ 10 K to 350 K as described in section 3.3 in this chapter.

The optical excitation was generated using a solid-state blue laser having A = 473 nm. The PL
signal was collected using the following procedure. Laser light passes through a chopper
which is operated at 90 Hz. Next, the light passes through a band pass filter (315-750nm) to

eliminate the higher order harmonic lines which are present in the blue laser. A mirror then
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deflects the light onto a 2" mirror through a focusing lens. The laser light then falls onto the
sample which is placed inside the cryostat. The incident light on the sample is established
with such an angle that the laser light is deflected off-axis with respect to the entrance slit of
the spectrometer. The luminescence from the sample is focused onto the spectrometer
entrance slit by using two lenses. A line filter is placed inside the spectrometer to eliminate
the laser light. The filtered signal is dispersed by the diffraction grating and then detected by
a Photomultiplier (PMT) detector. Finally, PL spectrum is recorded in the computer. PL

measurements have been carried out in the temperature range from 10 K to 300K.

3.2.2 I-V MEASUREMENTS

To perform DLTS and Laplace DLTS measurements, suitable devices should have leakage
currents in the range of pA or lower because these techniques rely on the change of
capacitance following an electrical excitation. A Keithley 236 source/measure unit, controlled
by a computer software via GPIB interface, is used to obtain the devices I-V characteristics.
The current values are measured at bias voltages ranging from -2.5 to 1.5 V with 50 mV
increments depending on the quality of the diode.

3.2.3 C-V MEASUREMENTS

The C-V characteristics are acquired using a Boonton 7200 capacitance meter which operates
at a fixed frequency of 1MHz and controlled by a computer in order to determine the built-in
voltage and the background doping concentration of the structures investigated. Furthermore,

as described in Chapter 4, the C-V characteristics are used to calculate the trap concentration.

3.2.4 DLTS MEASUREMENTS

The electrically active defects present in the material systems investigated in this thesis are
probed by DLTS and Laplace DLTS techniques, which are discussed later in this chapter. In
this section a brief description of the experimental procedures are given. Firstly, the samples

are processed in the form of circular mesas with different diameters and mounted on 12 pins
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TO5 headers which are fixed into a holder inside the closed-cycle cryodyne refrigerator,
model number CCS-450 cryostat. The samples are cooled down to a temperature of 10 K and
the DLTS measurements start by increasing the temperature at a rate of 2 K/min up to 450 K.
A National Instrument Box generates a sequence of electrical pulses that are applied to the
samples, and a Boonton 7200 capacitance meter is used to monitor the transient capacitance.
At selected reverse biases (V) and filling pulse (Vp), the capacitance transients are recorded

in the form of DLTS signal and stored in a computer.

3.2.5 LAPLACE DLTS MEASUREMENTS

High resolution Laplace DLTS measurements were performed in order to resolve the broad
features detected in the conventional DLTS. As the Laplace DLTS is an isothermal process,
the temperature of the sample is fixed during the measurements. The Laplace DLTS
measurements are performed within the temperature range where the DLTS peak is observed.

Further details of these measurements are explained in this chapter.

3.3 PHOTOLUMINESCENCE

Photoluminescence (PL) can be defined as the light emitted spontaneously from a material
undergoing optical excitation. The term “luminescence” was suggested by Wiedemann
in1888 [1-2], where the term means weak glow in Latin. Luminescence can be emitted in
different durations and by different causes, thus being classified accordingly. If the material
is excited due to photon absorption, the resulting luminescence falls into two main key
classes, namely fluoresce and phosphoresce. If the emission duration is fast (~ns range) then
it is known as fluorescence, while slow emission as in hours or even days the luminescence is
termed phosphorescence. Photoluminescence is an approach used to determine the optical
quality of material structure. In PL experiment, the light incident on a material has a photonic
energy greater than the energy of the material’s bandgap. As a consequence, photons are

absorbed by the material and result in the creation of electron-hole pairs which relax in time
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and thus allowing the formation of excitons. By the end of the process, radiative or non-
radiative carriers’ recombination processes may occur. In case of radiative relaxation, the
light emitted is called photoluminescence (PL). Fig 3.1 demonstrates the transition of an
electron from the valence band to the conduction band by optical excitation (Fig 3.1 (a)), and
then relaxation into band edge (Fig 3.1 (b)). An electron-hole pair is then formed and a

photon is released (Fig 3.1 (c)).

a) Excitaion of an electron b) Intraband Relaxation ¢) e-h recombination

from V.B to C.B and photons emission
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Fig. 3.1. Schematic illustration of the basic processes involved in luminescence emission

from optically excited semiconductors.

Such emission can be detected and analysed to provide a rich source of information about the
photoexcited material. A variety of PL investigations can be obtained in order to determine
semiconductor parameters. The spectrum of PL gives the energies of photons emitted, which
are a direct indication of the electronic energy levels. The radiative and non-radiative
recombination centres can be probed by analysing the PL Spectra. Such intensities, beside the
full width at half maximum (FWHM) of the PL signal, provides a measure of the sample
optical quality. PL is basically a simple approach that is adaptable to many material systems
in different forms and is non-destructive. Applying PL technique does not require
complicated preparation of the sample. In addition, the PL technique is based on optical
excitation of materials, thus it doesn’t require junctions or electrical contacts. It is widely

known that no practical complications are associated with high-resistivity materials, making
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the PL technique suitable to investigate such materials. Further advantage of the PL is that the
luminescence can be investigated at different regions on the sample surface. The main
disadvantage of PL analysis originates from its reliance on optical transitions: the sample
under investigation must emit photons. Some semiconductors have essentially very low PL
efficiency, such as indirect bandgap semiconductors. Therefore, the relaxed states in these
materials are based on non-radiative recombination processes. The density of traps and
impurities states in general cannot be precisely estimated using PL, which represents another
disadvantage of the technique. Nevertheless, when these states have radiative levels, they are
readily identified in the PL spectrum, and the intensity of the associated PL peaks provides a

relative measure of their presence in the sample.

3.3.1 SYSTEM HARDWARE IMPLEMENTATION

A PL system contains a number of hardware which are interfaced with a computer, providing
a system capable of operation in the temperature range of 10K-350K. This section describes
the required hardware for PL implementation, as well as the block diagram (Fig 3.2) and

photograph (Fig 3.3) of the PL system used in this study.

3.3.1.1 SPECTROMETER

In this study, the emitted photoluminescence was scattered by a grating using the iHR 550
spectrometer from Horiba Jobin Yvon in order to obtain spectral analysis. It has a focal
length of 0.55 m through an aperture of f/6.4. The spectrometer allows the holding of three
different gratings via its motorized grating turret. The gratings adopted in this investigation
are 1200 grooves/mm blazed at 500 nm, 600 grooves/mm blazed at 2000 nm and 300
grooves/mm blazed at 3000 nm. The slits of the input and outputs of the spectrometer can be
adjusted 0.0mm to 2mm. The spectrometer has a motorized internal filter wheel at the entry
slit holding six internal different filters. The IHR550 has two exit ports connected to a

photomultiplier tube detector (PMT) and a dual Si/InGaAs detector.
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3.3.1.2 LASERS, LIGHT CHOPPER AND OPTICS

The setup of PL is based on three excitation sources mainly of blue, green and red lasers with
a tuneable incident power using a manual density filter. The setup contains a mechanical
chopper in front of the laser that allows AC measurements using a lock-in amplifier. In
addition, a band-pass filter is placed in the laser path to exclude the undesired higher order
laser light. To achieve high focus of the light onto the sample the PL setup is equipped with a
number of optics such as lenses and mirrors, which are used to ensure that the PL signal is

focussed on the entry slit. The setup of the spectrometer is illustrated in Fig 3.2.

Dual Channel
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=
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Fig. 3.2. A schematic diagram of photoluminescence (PL) apparatus.
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Fig. 3.3. Photograph of photoluminescence (PL) apparatus.

3.3.1.3 DETECTORS

The PL emissions are collected by optical detecting devices, which convert incident photons
to electronic signals. The spectrometer incorporates two detectors installed in two different
exits to cover a wide range of wavelengths. A Si/InGaAs dual channel solid state detector
from Horiba Jobin Yvon (300 nm to 1700 nm) where silicon and InGaAs detectors can
function from ~300 nm to ~1.1 um, and ~1.1 pm up to ~1.7 um, respectively. The second
detector is a single channel photomultiplier tube (PMT). PMT detectors have the advantage
of being highly sensitive in comparison to solid state detectors in addition to the efficient
operation in the UV/VIS and NIR. However, PMT detectors have some disadvantages
including their limited spectral coverage range (up to ~950 nm) and their high voltage power

supply. The detected light by PMT is in the spectral range of 180nm to 900nm.

3.3.1.4 SPECTRACQ2
Data acquisition units are basically considered with the detected signals at processing and

amplifying stages. The data acquisition module used is SpectrAcg2 from Horiba Jobin Yvon.
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This module is of high speed allowing the collection and processing of 1000 data points per
second and store up to 5000 data points, where the data are captured by the PMT or
Si/InGaAs detectors. SpectrAcg2 configuration collects current or voltage inputs, and
provides an output of high voltage to power the PMT (~ 950 Volts). The module is interfaced

with the computer through a serial port RS-232.

3.3.1.5 LOCK-IN AMPLIFIER

Lock-in amplifiers (LIA) are usually employed when very small AC signals need to be
detected and any other unwanted signals have to be removed. The function of the LIA is
achieved through phase sensitive detection. Such detection is based on demodulation or
rectification of the noisy signals which are usually mixed with reference signals such as the
signal produced by the mechanical chopper which is used to chop the light with a fixed

frequency.

The lock-in amplifier is fed with two signals; one is a control signal from a detector
connected to the chopper, and the other is a response signal from the monitoring device. The
purpose of the lock-in amplifier is then to selectively amplify only components of the
response signal which oscillate at the same frequency as the control signal. The result is a
very effective reduction of noise, and hence a large increase in the signal to noise ratio is

obtained.

A Stanford SR830 digital lock-in amplifier with the capability to measure and amplify very

small signals down to few nano-volts (nV) with a sensitivity of 2 nV was used.

3.3.1.6 CRYOSTAT AND TEMPERATURE CONTROLLER
A state-of-the-art cryostat model Janis CCS-150 combined with a temperature controller
model Lake Shore 331 were used temperature dependent PL measurements. Additionally, it

incorporates thermal sensors, radiation shield, and sample holder. The principle of
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refrigeration is based on closed-cycle flow of helium gas (He) through a compressor. This

refrigeration principle provides temperatures in the range from 10K to 350K.

3.3.1.7 COMPUTER INTERFACE

The computer used to interface with the PL system has 120MB RAM, 200MB hard disk,
Windows XP as an operating system, a high speed USB port, and a serial port RS-232Data
acquisition box spectrAcg2 and lock-in amplifier are connected to the computer by means of
serial ports RS-232 and can be initialized and controlled from computer. A filter wheel fitted

inside the spectrometer can also be controlled through high speed USB port.

3.3.1.8 SYSTEM CONTROLLING SOFTWARE

The SynerJY software supplied by Horiba Jobin Yvon was used to remotely control most of
the components of the PL system including appropriate selection of grating and entry/exit slit
sizes. Various parameters which are required to perform the PL measurement can be entered
through software. The software is flexible in terms of recording and processing data
simultaneously. The software can drive the turret containing three gratings, slits, and shutters.
It also has control over the entrance and exit mirrors to select detector at axial and side
positions. A filter wheel having different colour filters situated inside the spectrometer can

also be controlled using the software.

3.4 CURRENT- VOLTAGE CHARACTERISATION

The current pass through the semiconductor due to thermionic emission of majority carriers is

given by Richardson equation [3]

%%k Q)
Ither = AA™T? exp[—277] (3.1)

where A is the area of the junction and A** is the effective Richardson’s constant given for a

semiconductor material, g is the electronic charge, ¢B is the height of the barrier, k is
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Boltzmann constant, and T is the absolute temperature in Kelvin

The current flows from the semiconductor to the metal I, can be expressed as [3]:

*% (0] Vv
Ign = AA™T? exp[— 2] exp[] (3.2)

where V is the applied voltage. At V = 0, the current flows from the metal to the semicon-

ductor I,,,5 can be expressed by previous equation as:

Lys = AA*T? exp[— q:%] (3.3)

Thus, the net current is:

~
I

Ism - Ims

Or:

I'= I [exp(®%) - 1] (3.4)

Where I, is the reverse saturation current, and given as:

Iy = AA™T? exp[— 222] (3.5)

As the neutral area of the device offers a series resistance in pn junction, thus the previous

equation becomes as:

1= I [exp (FE22) — 1] (3.6)

nkT

Where R is a serise resistance and n is the ideality factor.

In the case of forward bias voltage for V — IRg >> KT, the thermionic diode current is ex-

pressed as:
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(V—-IRs)
I = IS exp (anS) (37)

The derivative of I with respect to V from Equation (3.7) is of the form:

4Rs
ar _ (e _ ™
av I <nkT av ) (3.8)

By substituting dI/dV with the conductance (G) and rearranging the terms, the following

form is obtained:

6_49 9. (3.9)
I nkT nkT

Plotting the values of G/I vs G, values of n and R can be determined from the y-intercept

and slope, respectively.

y — intercept = —

\ nkT

Conductance/Current G/I(S/A)
|

Conductance (S)

Fig. 3.4. A typical plot of G/I versus G used for extracting the 1-V characteristics parameters

[3].

To calculate I and ¢, we take the natural logarithm of Equation (3.7):
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In(1) = In(lg) + L2 (3.10)

From the plot of In(I) vs (V — IRs), Is can be found from the y-intercept of the plot. Then, if

the value of I is substituted in Equation (3.5), the value of @5 can be found.

3.5 DEEP LEVEL TRANSIENT SPECTROSCOPY (DLTYS)

Studying deep level defects in semiconductors experimentally can be done via microscopic
defect analysis techniques [3]. Deep level transient spectroscopy (DLTS) is the most effective
microscopic tool, and it is commonly used to characterize deep levels in semiconductors by
the detection of charge carriers’ emission [4]. DLTS technique was first realized by Lang in
1974 [5]. Such technique is based on the change in the depletion width with temperature. The
measurement of the activation energies and capture cross-sections of defects can be found via

DLTS, which is based on the concept of space charge capacitance.

3.5.1 CAPACITANCE TRANSIENTS

The DLTS method measures the capacitance transients which results from the change in the
space charge region. For such a measurement to be carried out a Schottky diode or a p-n junc-
tion device is needed. Fig. 3.5 illustrates the changes in the charge occupancy of the defect
level at various bias conditions in a Schottky diode. The occupancy of the defects is disturbed
in the junction by the application of periodic bias pulses at a fixed repetition frequency. Such
pulses are frequent between reverse bias Vi and filling bias V, for a specific filling pulse

width t, (where V, < Vp).
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Fig. 3.5. Energy band diagrams of a Schottky diode illustrating the charge occupancy chang-
es of the defects level during (a) emptying of traps at V=VR bias condition, (b) filling of traps
with filling pulse V=Vp, and (c) thermal emission of electrons due to the increase in the tem-

perature at V=VR. (d) DLTS pulse and the corresponding capacitance transient. tp and ET

represent a pulse width and a trap energy level, respectively.
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Fig. 3.5 shows the variation in the space charge region at four stages. At stage (a), firstly a
reverse bias VR is applied to the junction, thus a space charge region is established. Above
the Fermi level, the traps are empty showing no charge carriers. At stage (b), the junction is
exposed to a filling pulse VP, causing the depletion region width to decrease. Consequently,
the conduction band electrons flow to the region that was earlier depleted of carriers, where
the traps in such region start capturing these electrons. By assuming no emission of charge
carriers resulting from the capturing processes, the density of filled traps is given from the

kinetics of the capture process as the rate:

d
4 = Ny = np) (311)

where c,, is the capture coefficient of electrons, Ny is the total number of available trap states
and n is the number of trap states occupied by electrons. The electron capture coefficient c,

can be given by the following relation:
Ch=0,<Uy >N (3.12)

where o, represents the electron capture cross-section, < v, > is the mean thermal velocity
of the electrons, and n is the effective doping concentration which is equal to N, -N, =
N,. The traps will completely be filled by electrons if a filling pulse (tp) is applied long
enough, subsequently n.=N. Nevertheless, in stage (c), the reverse bias is re-applied
forcing the depletion region to move back to its original width, while the carriers starting to
be emitted from the filled traps. Such emission is determined from the kinetics of emission

process by the rate:

d
% = ep,Nr —nr(e, +ep) (3.13)

where e,, is electron emission and e,, is hole emission.
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If deep levels are anticipated to be just electron interacting centers, the calculation of the time

dependences of n during capture (Equation (3.11)) and emission (Equation (3.13)) process-

es can be obtained, by [6]:
nr(t) = Nr{l — exp(—c,t)}, ¢, > en, ¢y (3.14)

and
t
nr(t) = Ny exp (— ;), en M Cp,ep,Cp (3.15)

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

. 1
rate ISt = —.

én

Therefore, from the above equation, the reduction of the filled trap concentration has an ex-
ponential trend with a time constant = and gives rise to a capacitance transient as presented
schematically in Fig. 3.5 (d). The change of traps occupancy can be determined indirectly by

controlling the capacitance variation of the diode. Hence, by adding the filled traps contribu-

tion ny(t) in the space charge region, Equation (3.4) can be modified as:

vq1/2
_ 4Q __ Al2esqNp
c=22 _ [—] (3.16)

aVg 2 LVpi+Vp

where Nj = Np — ny. In case n; < Np, then Equation (3.16) can be rewritten as:

AC = Co (1- 1) (3.17)

2Np

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

2€sqND] 1/2

tance which can be written as C, [
f VpitVRr

Combining Equation (3.15) and Equation (3.17) provides the time dependence of the capaci-
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tance for majority carrier traps emission as follows:
_ _Nr _t
AC = Cy |1 S exp (-9)] (3.18)

Hence, the deep level trap concentration can be obtained from the amplitude of the capaci-
tance transient, while the emission rate of electrons is found from the time constant. Fig. 3.5
(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.

3.5.2 CONVENTIONAL DLTS

The principle of DLTS technique [5] is based on disturbing the occupancy of the deep states
caused by capture and emission of carriers. DLTS detect the output of the variation in capaci-
tance AC between two points in time t; and t, (t, > t;). A DLTS spectrum can be construct-
ed through the measurement of this transient as a function of temperature T. Thus, the pro-
duced spectrum leads to the calculation of the trap parameters such as capture cross section o,

the trap activation energy ET, and density NT. Equation (3.18) can be used to give the DLTS

output signal as a function of temperature S(T), as-:

S(T) = C(t) — C(ty) = AG, [exp (— 2) — exp (— L)] (3.19)

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

AC, = =T (3.20)
0

2Np

where N, represents the trap concentration and C,represents the capacitance at a maximum

reverse bias (when the trap is empty). The emission rate en varies with temperature as illus-

trated in Fig. 3.6 (a) and thus causing S(T) to change. If T < (t1 — tp) and © > (t1 — t2),
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then the resulted DLTS signal is small, while if T = (t1 — t2) then the DLTS signal is maxi-

mum.
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Fig. 3.6. Schematic diagram of the DLTS signal generation process: (a) the left side presents
capacitance transients at different temperatures, while the right-side shows a DLTS signal
resulting from the capacitance transient between the capacitance at time t; and time t, (fixed
rate window) as a function of temperature, (b) DLTS signal at different rate windows and (c)
the Arrhenius plot for the calculation of trap activation energy (Er) [5].

The maximum signal of S(T) represents the maximum emission, which in turn corresponds to
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ds(T) -0
dt

the maximum amplitude of the DLTS signal. Such value can be obtained by using

Consequently, the rate window equation can be written as:

(t1—t2)
T = Tmax = 11 t12 (3.21)
n(z)
Changing the values of two points in times t; and t,, the value of the rate window 7 changes

causing a shift in the DLTS peaks to higher temperatures (Fig. 3.6 (b)). Standard rate win-

dows values are from 5 s'l to 5000 s'l. Therefore, a set of [Tmax, €(Tmax)] data is generated

to produce an Arrhenius plot as illustrated in Fig. 3.6 (c). The values of the trap activation

energy E; can be extracted from the slope of the Arrhenius plot, while the apparent capture
cross-section on of the trap is found from the intercept. Additionally, from Equation (3.20),

the trap concentration N can be determined, where AC_ corresponds to the conventional

DLTS peak amplitude. The maximum peak height of DLTS signal is independent of the ab-
solute value of ¢, and t, as Equations (3.20) and (3.21) indicate, however it is related to the

ratio (t,/t,).

3.6 LAPLACE DLTS SPECTROSCOPY

In semiconductor materials, the conventional DLTS technique is widely applied in order to
characterize the deep levels by creating a series of peaks as a function of temperature [3].
These peaks are generated from the exponential behaviour of the emission transient of the
deep levels. However, there are many issues correlated to the resolution of DLTS which arise
from the scanning nature of the temperature. One of these issues is the accuracy of the tem-
perature measurements related to the thermal scanning technique, since the temperature of the
diode changes continuously. Consequently, this reduces the accuracy of obtaining the activa-
tion energies. Another issue arises from the difficulty of separating the time constants of ex-

ponential emission transients from various defect states which in turn causes a widening in
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the DLTS peaks [7].

Accordingly, mathematical approaches have been designed to avoid such issues in the Con-
ventional DLTS technique. One of the approaches is Laplace Inversion which is a calcula-
tion that aims to extract the emission spectrum F(s) from the capacitance transient. Laplace
DLTS (or LDLTS) technique uses such mathematical method. In LDLTS, the temperature is
fixed and therefore it is an isothermal technique [7-8]. Furthermore, in this technique the
DLTS signal is shifted from time domain (conventional DLTS mode) to the frequency do-
main. Many digital schemes can be applied during the emission process to digitize and aver-
age the analogue transient output of the capacitance meter in order to increase the signal to
noise ratio [9]. LDLTS transient can be mathematically expressed using the Laplace equation

as follows:

f(&) = [ F(s)e Stds (3.22)

where F(s) is the spectral function and f(t) represents the Laplace transform of the true spec-
tral function [F(s)]. An example of the capacitance transient which can be determined by La-
place DLTS is shown in Fig. 3.7 (a). In order to obtain a real spectrum of the emission rates
show in the transient, f(t), mathematical algorithms which apply the inverse Laplace trans-
form for the function f(t) are elected. These Laplace Inversion mathematical algorithms are
FLOG, CONTIN and FTIKREG which are used in the Laplace method. To analyse the data,
only one routine is used. The principle of all the three algorithms is known as the Tikhonov
regularization method. Nevertheless, each one of them is based on a different method of de-

termining the regularization parameters.
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(b)

Fig. 3.7. (a) Diagram of the capacitance transient using Laplace DLTS at a fixed temperature;
(b) delta-like peaks spectra output obtained from the capacitance transient with the use of
three numerical routines.

The first algorithm (CONTIN) [10] and the second algorithm (FTIKREG) [11-12] codes are

obtained from The Computer Physics Communication (CPC) Program Library at the Queen’s
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University of Belfast. These both algorithms have been adjusted for use in Laplace DLTS
system. However, the last algorithm (FLOG) has been particulary established for the system.
It is worth to mention that the parallel use of the three numerical algorithms enhances the
confidence level in the spectra obtained. Moreover, the output of this technique gives a very
well-defined, delta-like peaks spectra for multi-exponential transients as a function of emis-
sion rates as shown in (Fig. 3.7 (b)). Indeed, the trap concentration can be determined from
the area under the peaks of LDLTS signal. Thus, the accuracy of the characterization of de-

fects increases [8].

Fig. 3.8 illustrates the ability of the high resolution LDLTS technique in determining the sig-
nal of conventional DLTS for very closely spaced defects. The figure shows that convention-
al DLTS reveals the presence of only one broad peak in hydrogenated Si doped with gold
[13-14]. However, the LDLTS measurements reveal two well resolved peaks associated with

hydrogen and gold related defects.

G4 (Si:AuH)

conventional DLTS output

rate window 50/s

) T . T i 1
200 240 280 320
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Spectral Density Function [arbitrary units]
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Fig. 3.8. LDLTS spectra of hydrogenated Si containing gold at 260 K. The inset shows the

conventional DLTS spectrum at a rate window of 50 s'1 [14].
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3.7 SYSTEM HARDWARE IMPLEMENTATION

3.7.1 DESCRIPTION OF SYSTEM HARDWARE

This section describes the conventional DLTS and Laplace DLTS experimental setup shown
in Fig. 3.9. It consists of (i) Janis cryostat and temperature controller, (ii) capacitance meter,
(iii) Current-Voltage meter, (iv) data acquisition and BNC connectors box for analogue Input
(I)/Output (O). The setup is connected to a computer to control all this equipment via a GPIB

interface.

Temperature Cryostat-jenis
‘i';g gEEdE Controller CCS-450
ar
(Model 331) 1
i
- Test
=
o C-Meter
(E) (Boonton 7200)
(&
--------- ]
NI PCle-6361| NI SCH 68-68- |NI BNC-2110
(DAQ Card) EMP cable Connector

Fig. 3.9. Block diagram of DLTS and Laplace DLTS system.

3.7.1.1 CRYOSTAT AND TEMPERATURE CONTROLLER

Emission process from the traps depends on the thermal energy. Therefore, in the measure-
ments of DLTS and Laplace DLTS the use of a cryostat (model Janis CCS-450) and a tem-
perature controller (Model Lake Shore 331) is important to monitor the temperature of the
sample. The internal configuration of the cryostat system is shown in Fig. 3.10. Such system
contains a sample holder joined to a cold finger, thermal sensors, electrical ports for sample
contacts, a radiation shield and aluminum vacuum shroud. The cryostat is connected to a
compressor that consists a closed cycle cooling system with helium gas (He) flowing contin-

uously through a six-feet high efficiency flexible cryogen transfer line. This cryostat is con-
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trolled by Lake Shore 331 in the temperature range of 10 K - 450 K with stability of +1 K. A
temperature sensor is connected to Lake Shore 331 and placed very close to the sample for

high temperature accuracy.

e

Cold finger ,,

-~

~ -\ thwe

- o

D A 4
A q‘

Aluminium vacuum shroud

Fig. 3.10. Photograph of the external and internal structure of the cryostat system (model Jan-
is CCS-450) used for the DLTS experiments.

3.7.1.2 CAPACITANCE METER

Measurements of the capacitance transient in DLTS requires a high response time capaci-
tance meter. A good choice to obtain such measurements is the capacitance Boonton 7200
meter which has a response time of ~120 ps with 1 MHz sampling frequency. Furthermore,

this meter is useful in measuring normal C-V at different temperatures.

3.7.1.3 CURRENT-VOLTAGE SOURCE METER

The sample requirement for capacitance-based DLTS and Laplace DLTS techniques is to
have low leakage currents in the range of pA. The measurements of the current-voltage (I-V)
characteristics are conducted using Keithley 236 current meter, which is operated by a com-

puter software via GPIB interface. The source voltage provided by the meter is in the range

87



of 100 pV to 110 V with a sensitivity of 10 pV, and a source current in the range of 100 fA

to 100 mA, with a sensitivity of 10 fA.

3.7.1.4 DATA ACQUISITION AND BNC-2100 CONNECTOR

To apply biasing and pulsing to the diode, a National Instruments (NI) data acquisition
(DAQ) card is employed. The provided input voltage by this card is up to £ 10.0 V and with
pulse width from 0.5 ps. The DAQ card is connected to the computer by a SHC68-68-EPM

matching cable with the BNC-2110 connector.

3.7.1.5 COMPUTER INTERFACE
To remotely control and monitor all the DLTS equipment a high speed general-purpose inter-

face bus (GPIB) card and a dedicated software were used.

3.8 SYSTEM SOFTWARE

The development of the Laplace DLTS software was conducted under the joint project “Co-
pernicus Project CIPA CT-94-0172 and The Foundation for Polish Science Serial No:
C3.2.041” by two institutions, namely the Institute of Physics Polish Academy of Sciences,
Warsaw, Poland (the late Prof. L. Dobaczewski) and University of Manchester (Prof. A. R.
Peaker). This version of the software can operate in conventional DLTS and Laplace DLTS

modes as described in the following section.

3.8.1 CONVENTIONAL DLTS MEASUREMENTS MODE

The conventional DLTS basic mode scans the sample by constantly changing the tempera-
ture. The measurements are performed within a range of two temperature points, with in-
creasing steps of 2K/minute. The conventional DLTS uses Multi-Rate Window, TrapView
and Exponential Fitting modes for measurements. Such modes run on the concept of rate
window and are briefly described here. The “Multi-Rate” mode can operate on nine different

rate windows which are:
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551,10s71,205s71,50s571,100s"%,200s7%,5005s°1,1000 s~* & 2000 s~ 1.

The “TrapView” mode on the other hand can operate on one selected pair at a time out of 5

different pairs of rate windows, which are:

(4,10)s71,(20,50)s71,(80,200)s 7%, (400,1000)s ! & (2000,5000)s 1

The “Exponential Fitting” mode can operate only on one rate window. Running measure-
ments in this mode, result in constructing an Arrhenius plot, which can be used to estimate
the activation energies of defects and capture cross-section. Furthermore, “Exponential Fit-
ting” mode can also operate in lock-in mode thus providing an improved resolution than the
rate window mode. Nonetheless, the signal to noise ratio is poor in the lock-in mode. The
DLTS experiment parameters can be customized and controlled remotely in all these three
modes. These parameters are the reverse/forward bias, duration of pulses and range of tem-

perature.

3.8.2 LAPLACE TRANSIENT PROCESSING MODE
Using the Laplace DLTS allows the increase of the S/N ratio. The measurements are per-
formed using FLOG, CONTIN and FTIKREG algorithms at constant temperature to con-

struct Laplace DLTS peaks.
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CHAPTER 4: INVESTIGATION OF THE EFFECTS OF
NITROGEN INCORPORATION AND THERMAL
ANNEALING ON THE OPTICAL PROPERTIES OF
GaP,.xNy DILUTE NITRIDES

In this Chapter, the optical characterization technique, namely photoluminescence (PL) has
been employed to study the effect of nitrogen incorporation and rapid thermal annealing
(RTA) process on the optical properties of GaP;.xNx alloys (x ranging from 1.4% to 2.7%)
grown on (100) GaP substrates. In addition, High Resolution X-Ray Diffraction (HR-XRD)
and X-Ray Specular Reflectivity (XSR) are performed to study the effect of RTA on the

structural properties of the as-grown and annealed GaPg.9gsNo.014 SAMples.

4.1 INTRODUCTION

Dilute 111-V nitride semiconductors are relatively a quite new material system, which has
attracted a great deal of attention due to their anomalous properties. These are very promising
materials for many technological applications such as solar cells [1], long wavelength lasers
[2], terahertz emitters [3], optical amplifiers [4], and temperature-insensitive semiconductor
band gap [5].

Incorporation of nitrogen in conventional 11-V alloys, such as GaAs and GaP, strongly
affects their electronic structure, leading to a wealth of fascinating physical properties
inherent to the dilute 111-V nitrides alloys. These include the giant bowing of the bandgap
energy accompanied by the splitting of the conduction band (CB) states, the enhanced
nonparabolicity of the CB energy dispersion, the unusually weak dependence of the bandgap
energy on applied pressure and temperature, etc [6-7]. These properties have been found to be

very desirable for various applications in optoelectronic and photonic devices, and therefore
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attracting further interest in novel dilute nitrides. The N-induced modifications of the band
structure have been attributed to a large mismatch of sizes and electronegativity between the
N atom and another group-V element of the host lattice, which causes breaking of

translational symmetry and thus promotes strong mixing of the CB states [8].

However, devices based on dilute nitride 111-V materials such as long-wavelength lasers,
heterojunction bipolar transistors (HBTs) and multijunction solar cells have generally shown
less than optimum performance due to the poor quality of the material and presence of defect
states with high concentrations [9]. In general, defects and impurities deteriorate the optical
and electrical properties of semiconductor materials. In order to recover these qualities, it is
common practice to subject the material to appropriate thermal treatments. The defect
removal (also referred to as “healing”) mechanisms which can occur upon the annealing
procedure, involve diffusion and disassociation of the defect (also known as traps). In the
diffusion process when the annealing temperature is increased, the defect could migrate
towards the surface or grain boundaries (such as N related defects, N clusters and Ga
vacancies [10-11]. In addition, the defect capability to diffuse through the crystal is
determined by its charge state. The defect can be trapped by other impurities, for example,
recombination of an interstitial with a vacancy. In the dissociation process, the intricate

defect can break-up into separate defect complexes upon annealing.

Rapid thermal annealing experiments have shown that an improvement of the electrical and
optical quality is possible [12-13], presumably due to the removal of some defect states [14].
There have been several studies reported in the literature about the annealing behaviour of
dilute nitride semiconductor materials. A brief survey about the improvements in the

material’s quality and transport properties after annealing is given below.

An investigation of the effect of rapid thermal annealing on the optical properties of undoped

GaNAs/GaAs multi-quantum wells (MQWSs) was carried out by Buyanova et al. [15]. A
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reasonable increase in the photoluminescence (PL) intensity and a substantial decrease in the
PL linewidth were observed. Their magnetic resonance studies revealed a significant
reduction in the concentration of non-radiative defects after the heat treatment with halogen
lamp in a flowing N, ambient at 850 °C for 10s. They suggested that the reduction of the non-
radiative defects after heat treatment leads to an improvement in the optical quality of

GaAsN/GaAs MQWs.

In addition to the enhancement of the luminescence from the nitride materials upon
annealing, several researchers have also observed a shift in the PL emission energy. Wang et
al. [16] have reported PL experiments on GaAsN samples that reveal the existence of a red-
shift in the PL peak energy after thermal annealing. Their observations have shown that the
PL from GaAsN does not originate from band-to-band transitions, but rather from localized
state excitonic recombinations. Furthermore, it was found that the thermal annealing process
could effectively remove the interstitial N—As complex and the defects related to the broad
energy-tail in the low-energy side of the PL spectrum. Another example of the redshift of PL
emission is demonstrated by the work of Francoeur et al. [17]. Their PL measurements
showed a redshift in the luminescence peak detected in MOCVD grown InGaAsN layers after
annealing at 650°C for 5 minutes. A shift of 15 meV in a sample containing 0.7% N was
observed. From the XRD measurements, they attributed this redshift to the increase of

nitrogen incorporation.

Several other annealing studies of nitride materials reported in the literature show a blue shift
of the PL emission upon thermal annealing [18,19,28]. For example, Tournie et al. [19]
performed PL and X-ray diffraction experiments on Ga(In)NAs quantum wells and
investigated the influence of post-growth annealing on their optical and structural properties.
A blue shift in the PL emission was observed, which was attributed to the internal atomic

rearrangement in the InGaAsN quantum well layer. Similarly, the annealing induced blue-
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shift in InGaAsN materials observed by Kondow et al. [20] has also been suggested to be
mainly due to the atoms’ rearrangement in the material. Whereas the work of Li et al. [21],
Damimano et al. [22], Kim et al. [23] and Albrecht et al. [24] attributed the blue shift of PL

emission to the N diffusion.

There is tremendous interest in GaPN as an optoelectronic material and as a candidate for
tandem solar cells with Si because of its ideal bandgap and lattice matching, and the
optimisation of the thermal annealing procedures to remove the defects. Therefore, this work
investigates the effect of nitrogen incorporation as well as the rapid thermal annealing (RTA)
on the optical properties of Molecular Beam Epitaxy (MBE) grown GaPN layers with
different nitrogen concentrations ranging from 1.4% to 2.7% using PL technique. The details

of the samples used in this study and their preparation are given in Chapter 5.

4.2 SAMPLES DETAILS

The samples growth details are given in Chapter 5. Briefly, the GaPN structures are grown in
a solid source Molecular Beam Epitaxy (MBE) system, which uses a valved RF plasma
source to incorporate nitrogen into GaP lattice. The 100 nm thick GaP1xNyx epilayer was
grown on GaP (100) substrates. This was capped with 10nm GaP layer (see Fig. 4.1.). The
growth temperature was 480 °C. These samples were grown under a high V/III flux with a

Beam Equivalent Pressure (BEP) ratio of 25. The phosphorus flux was 5 pTorr.

GaP (10 nm)
GaP; xN (100 nm)

GaP (100) substrate

Fig. 4.1. Schematic diagram of the GaP;.xNx dilutes nitride structure. Three samples were

investigated with x=1.4%, 2.1%, and 2.7%.
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Rapid thermal annealing (RTA) was performed at 800°C for 5 minutes.

4.3 RESULTS AND DISCUSSION

High-resolution X-ray diffraction (HR-XRD) and X-Ray Specular Reflectivity (XSR), which
are important tools for structural characterization of thin epitaxial films, have been used only
in one sample to understand the structural properties of GaPggs6No.014 before and after RTA.
In addition, the optical properties of both as-grown and RTA annealed GaP1xNx (x= 1.4%,
2.1%, 2.7%) epilayers were investigated using the PL technique.

4.3.1 INVESTIGATION OF STRUCTURAL PROPERTIES OF AS-GROWN AND
ANNEALED GaPg.9g5No.014

Very useful information about the vertical lattice parameters, layer thickness, roughness and
strain in the epilayers can be obtained by using XRD technique. HR-XRD and XSR studies
were performed in collaboration with the group at the Institute for Crystal Growth, Berlin,
Germany. The HR-XRD measurements were carried out with a double-crystal diffractometer
equipped with a parabolic (focusing) multilayer mirror. The x-rays are produced using the
Kal transition of copper (A= 1.54056 A) and are monochromated with a four-bounce Ge 220
Bartels monochromator.

HR-XRD measurements were performed on GaPgggsNoo14 layer grown on (100) GaP
substrate after centring and optimizing the (004) symmetrical Bragg reflection. The
composition of GaPN ternary films on (100) oriented substrates can be determined by the x-
ray reflection from the (004) plane. As the crystallographic parameters such as lattice
constant and spacing between the planes of the substrate and epitaxial layer are different, an
x-ray diffraction pattern as a function of angle should show at least two peaks corresponding
to the satisfied Bragg conditions for the substrate and the GaPN epilayer. The Bragg’s law for

constructive interference is given by:
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where n is an integer, 4 is the wavelength of the incident photons, d is the interplanar spacing

and @ is the Bragg angle of the substrate.

Differentiation of equation (4.1) allows the determination of the relationship between the
peak-splitting Af and interplanar spacing d for coherently strained epilayer [25]. This is given

as

Ad___ N g
A@  2sinf 4.2)
From equation (4.1) and (4.2), the peak-splitting A6 is given by
o {24) 1
d )cotéd (4.3)

where ( Ad/d ) is the deformation in the epilayer.

Now if we assume that the layer is in the non-relaxed state, the deformation (Ad/d ) can be

expressed as [26]

5
d P \a (4.4)
where (Aa/a) is the relaxed lattice mismatch between substrate and epilayer, and P is the

distortion coefficient.

Once the mismatch strain is known, then the composition of GaP1.xNx can be calculated using

Vegard’s law [27] (see equation 4.5).
a(GaP;_xNy,) = (1 — x).a(GaP) + x.a(GaN) (4.5)

By rearranging equation (4.5) the N-concentration, x, can be extracted using equation (4.6)
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Aa/a

X

" (Aa/a) GaP/GaN (4.6)
where
(Ba/@);op/can= aaaf;;: -
From equation (4.3) and (4.4) we can have the following relation.
[ﬁj = p(ﬂj =—P.A@.cotld
a d (4.7)

Thus, using equation (6.7), equation (6.6) for the composition x can be rewritten as

x = P(—222) Ag.cot 6 (4.8)

AGaN—QAGaP

where 0 is the Bragg angle for the GaP substrate reflections and A@ is the angle shift of the

GaPN reflections with respect to the GaP substrate.

The distortion coefficient P depends upon the elastic constants and on the surface orientation.
For the sample grown on (100) GaP, P is given by [26].

Cll

P = -
o c, +2C, 4.9)

Given that the N content of our samples is low, the elastic constants (C) of GaP are used to
calculate P. These are C;; = 140.4 GPa, Cy; = 62 GPa and Cy = 70.3 GPa. The value

obtained is P1go= 0.531.

XSR and HR-XRD curves (20 scans) obtained from as-grown and annealed GaPg.9gsNo.014
epilayers grown under near-stoichiometric conditions on (100) GaP substrates are shown in

Fig. 4.2.(a) and 4.2.(b), respectively.
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Fig. 4.2. (a) XSR spectra for GaPg9gsNo.014 and simulation before and after RTA, (b) HR-

XRD spectra for GaPg 9gsNo.014 before and after RTA.

Table 4.1: Main structural results from HR-XRD before and after RTA for GaPg.gssNo 014,

Sample Vertical Root Mean Square | Thickness | Nitrogen induced
lattice (RMS) Surface (nm) change in vertical
spacing Roughness (nm) lattice spacing
A)
GaPo.986No0.014 5.4256 ~1.9 118 -0.0046
as-grown
GaPg.986No 014 5.4255 ~1.6 116 -0.0046
annealed

With regard to the XSR results shown in Fig. 4.2 (a) it is clear that no Kiessing fringes are
observed. In other words, the surfaces of both as-grown and annealed samples are rough (i.e.
have a roughness above a certain threshold from which Kiessing fringes cannot be observed).
Moreover, it is clear that XSR measurements show different slopes for GaPg 9gsNo.014 before
and after annealing. Therefore, one can conclude that the surface roughness changes after
annealing. After RTA treatment a slight reduction in the surface roughness from ~1.9 nm to
~1.6 nm is noticed as indicated in Table 4.1. Furthermore, obviously there is no clear

difference between as-grown and annealed samples in terms of vertical lattice spacing and
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layer thickness. In addition, no measurable change was observed in the vertical lattice

spacing after annealing.

The HR-XRD spectra in Fig. 4.2 (b) present slight damping of fringes and decrease of peak
intensity after RTA annealing. This indicates an increase of disorder in the epitaxial layer.
However, the 20 values of layer reflections were very similar, meaning that the vertical lattice

parameters of as-grown and annealed GaPN epilayers are identical.

4.3.2 INVESTIGATION OF THE EFFECT OF NITROGEN CONTENT ON THE
OPTICAL PROPERTIES OF GaP;.x Nx

The standard measurements of GaP proved that it has an indirect band gap with bandgap
energy (Eg) equals to 2.26 eV at room temperature [27]. It was also reported that the
incorporation of N into GaP, i.e. GaNP1.x alloys with concentrations x>0.43%, changes the
nature of the bandgap from indirect to direct [28]. In addition, N forms NN pairs such as NN
leading to the observation of a series of sharp PL emission lines [28]. With enhancing N
concentration higher than 0.43%, the N pair bound states develop into an N-related impurity
band. Thus, the GaNP alloy turns into a direct bandgap material and therefore a high
efficiency room temperature (RT) PL from the epilayer can be achieved [28]. The GaP1.xNx
samples investigated in this work have N concentrations greater than 0.43%, namely x=
1.4%, 2.1%, and 2.7%, and therefore it is expected that the nature of the bandgap of our
GaP1.xNx should be direct. This is confirmed in Fig. 4.3 (a) and (b) which shows the spectral
dependences of the PL intensity of GaP;«Ny alloys and PL peak bandgap energy at 10 K
respectively. This is in particular due to the well-known giant bandgap bowing effect in 111-
V-N alloys due to the nitrogen incorporation [29]. Therefore, the value of the observed
reduction in the luminescence and emission peak energy with increasing N shown in Fig. 6.3
appears to depend on the N content in the alloys. From Fig. 4.3 (a) it can be seen that the

luminescence intensity decreases with increasing nitrogen content from 1.4% to 2.7%. This
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could be due to the fact that with an N concentration more than 1.3%, the PL intensity
decreases due to reduced sample quality partly as a result of strain enhancement as well as an
increase of the defects related to the nitrogen incorporation, resulting in a deterioration of the

luminescence of dilute GaP1.xNy [30].
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Fig. 4.3. (a) PL intensity vs photon energy for different N compositions at 10K, (b)
Normalized PL intensity vs photon energy for different N compositions at 10K.

In addition to this, it is obvious that with increasing the amount of nitrogen incorporated into
GaP1xNy, the PL peak energy (EQ) decreases as illustrated in Fig. 4.3 (b). This decrease in
bandgap energy has also been reported in dilute GaAs;«Nx and was attributed to the large

bandgap reduction as well as the heavy conduction band effective mass and its unusual
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composition dependence to the formation of nitrogen related impurity band evolved from
nitrogen pair bound states in heavily doped GaAs:N [31]. It is believed that a very similar
situation happens in the GaP;.xNy alloys studied in this work. Actually, in an earlier study of
GaP1.xNx alloys [32], it has been reported that the high nitrogen composition in GaPN leads
to a band formation from the bound states of the isolated nitrogen centre which causes a
bandgap reduction. The absorption peak reported in reference [32] was observed at the
energy of NN; (as explained in Chapter 2) for concentrations up to x=2 %, thus it appears
that the new conduction band of GaP;xNy alloys is a convolution of all the nitrogen related
bound states, which are inhomogeneously broadened with enhanced N content. This
conclusion was supported PL and the photoluminescence excitation (PLE) results [32]. The
intercentre interactions or the formation of large nitrogen clusters cause band edge states to
extend to the energy region below the lowest bound state NNj, and therefore a further
decrease of the bandgap of the alloy, producing the formation of a direct bandgap [28].
Subsequently, a very strong PL emission is expected in GaNP bulk layers.

Furthermore, it is obvious from Fig. 4.3 (b) that the PL peaks of all GaP;.xNx alloys are
broad. The broadening of the peaks observed in 1l1-V-N is attributed to the effect of N
incorporation. It is well-known that incorporating more than 0.5% of nitrogen leads to the
creation of localized N-pairs and cluster levels in the bandgap of the host material GaP [33-
34]. This means that the broadness of the PL peaks observed in GaPN layers indicates that N-
levels in this material do not appear to be located within the forbidden gap of the host
material and N localized levels could be lower than the conduction band (CB) of the host

material [35-36].

Fig. 4.4 shows the temperature dependence of the PL peak energy for all three samples of as-
grown GaP;.4Nx with an excitation wavelength of 473nm at a power of 20 mW. As it is

expected, at high temperatures a red shift of the PL peak energy occurs. For the GaPg.9gsNo.014

102



alloy, a significant decrease of Eg from about 2.2 eV to 1.93 eV is observed over the
temperature range 10-200 K. For the sample with 2.1% N concentration, the bandgap is first
reduced from 1.92 eV to approximately 1.89 eV over the temperature range 10 -100 K and
then remains almost constant from ~100 to 280K. At the highest N concentration (N= 2.7%),
the bandgap energy reduction as a function of temperature is also observed from 1.89 eV at

10K to 1.87 eV at 80K and then the PL signal is quenched at ~120K.
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Fig. 4.4. Temperature dependence of the PL peak energy for as-grown GaP;.xNy with

x=1.4%, 2.1% and 2.7%.

It is worth noting that no PL signal was detected at RT in all samples studied in this work
due to the poor quality of as-grown samples. It is important to point out that S-shape in the
PL behaviour is observed in GaPN alloys with nitrogen compositions of 2.1% and 2.7% at
low temperatures (from 10 to 100 K) (see Fig. 4.4). This confirms that increasing the nitrogen
content above 2% causes an increase of the localized states in the dilute nitride alloys which
leads to an S-shape behaviour. To understand the temperature behaviour of the alloy
bandgap, one has to consider the temperature related properties of both types of states
involved in the CB formation. It is known that the temperature-induced shift of the T’

minimum in GaP is larger than that for the X-minimum. On the contrary, the highly localized
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N states are expected to be temperature insensitive. Thus, a simultaneous admixture of the
delocalized T'-like and localized N-related states will produce counteracting contributions

[37].

Fig. 4.5 shows typical PL spectra for different laser power at low temperature (10K). For all
samples, different broad bands were observed at lower energies and sharp PL peaks at higher
energies (> 2eV) depending on laser power. These broad bands at lower energy are usually
associated with exciton localization effects. The observed sharp emissions are due to NN;
(nitrogen-nitrogen interstitial) centers. Actually, these sharp peaks are usually observed in the
doping regime at low incorporation of N in GaP and in non-intentionally doped GaP due to
residual doping. In GaP crystal, all these states are localized below the conduction band. In
this study, the observed sharp lines are associated with the emission in the GaP substrate. In
addition, the observed asymmetry of the broad band is usually attributed with disorder effects
such as random fluctuations in alloy composition which could result in a smearing of band
edges and in an extended density of states into the band gap. This asymmetry of the PL
spectrum is well known for dilute nitrides. Due to the fact that the high energy tail is
enhanced by thermal filling of the bands, the asymmetric shape is more pronounced at lower
temperatures than at room temperature and higher laser power. Particularly, it was observed a
blue shift of the PL band with increasing laser power and a reduction of band tail at lower

energy.

104



{a) N=2% GaPN X (b) N=2.7%
L]
- XLoc XLoc’ - | —300mw
© | 3 | —100mw
3 8 | — 2zomw
2 2
£ =
5 5
E c
-
N &
m— 20 mW
—2mW
—0.5mW
1.4 16 18 2,0 1.2 14 16 1820 22
Energy (eV) Energy( eV)

Fig. 4.5. Laser power dependence of the bandgap energy for as-grown GaP;xNy with (a) x=

2% and (b) x=2.7% at 10K.

4.3.3 INVESTIGATION OF RAPID THERMAL ANNEALING ON THE OPTICAL
PROPERTIES OF GaP;.x Nx

In order to determine the effect of RTA on the luminescence properties of as-grown GaP;-
«Nx/GaP samples, PL experiments were performed for each nitrogen concentration (1.4%,
2.1% and 2.7%) at different temperatures ranging from 10 K to 300 K. The samples were
excited with a 473 nm blue laser with 16 mW power. As explained in Chapter 3, the samples
were annealed at 800°C for 5 minutes by a rapid thermal annealer.

Fig. 4.6 presents the PL intensity versus energy with for GaPN alloys with different nitrogen
concentrations [N=1.4%, 2.1% and 2.7%] before and after RTA. A marked increase in the
luminescence intensities is evidenced for all samples after the RTA annealing process (see
Fig. 4.6 (b)). Some studies have attributed this enhancement in the PL intensity after
annealing to the change in the deep levels defects originating from dislocations. However, in
this work, the XRD results confirm that there are no differences between dislocation level
before and after RTA, and therefore the improved PL intensity after RTA is attributed to
another mechanism [38]. Tu et al. [38] suggested that the PL originated from defects related

to N doping such as nitrogen clusters. Furthermore, it was found that these defects degraded
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after RTA [38]. Subsequently, the decrease in the defects’ density after RTA results in an

increase of the luminescence peak intensity.
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Fig. 4.6. Photon energy vs PL intensity spectra at different temperatures for (a) as-grown and
(b) annealed of GaP;.xNy with different nitrogen compositions [N= 1.4%, 2.1%, and 2.7%].
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Moreover, it is obvious from Fig. 4.6 that the PL peak energy is blue-shifted after RTA for all

GaP1.xNx layers. This also shown clearly in Fig. 4.7 which illustrates the temperature

dependence of the PL peak energy before and after RTA for all nitrogen compositions of

GaP1.xNx investigated in this work. It has been reported that the reduction of the defects after

RTA in dilute nitrides leads to a blue-shift of the PL energy [39]. Therefore, the blue-shift of

the PL peak energy observed in our RTA samples can be explained by the band-filling effect

due to a decrease in the defects, such as nitrogen clusters and Ga vacancies [40]. Thus, RTA

leads to an improvement of the uniformity of the nitrogen compositions and leading to an

increase of the optical quality of the alloys.
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In addition, a clear S-shape behaviour is observed in as-grown GaPN layers with N=2.1%
and 2.7%. As mentioned in the above section, this behaviour is due to carrier localization
effect in the alloys after nitrogen incorporation. However, RTA significantly reduces this S-
shape dependence. This means that the N localized states could be reduced by RTA due to

the reduction of N related defects.

Figure 4.8 (a, b and c) illustrates the 10K and 100K PL spectra of the GaP;xN,/GaP
heterostructures with different nitrogen composition before and after RTA. The luminescence
peak intensities for all GaP1«Ny layers are increased by about 6.7 times after RTA in all
samples, except for the GaPN sample with 2.1% of nitrogen, where no enhancement was
noticeable at 10 K (see Fig. 4.8 (b). In the case of GaP.979No 021 Shown in Fig. 4.8 (b), it is
clear there are two peaks observed in the as-grown sample at 10K and 100K (inset). The peak
which is in the range of 1.7 to 2 eV is related to the GaP 979No.021 €mission, which is shifted
after annealing to be in the range of 1.8 to 2.1eV at 10K. On the other hand, the second peak
that is within the range of 1.6eV to 1.25 eV originates mainly from the N-N radiative defects
[39]. These defects are annihilated after the RTA process as illustrated in Fig. 4.8 (b). In the
inset of Fig. 4.8 (c) the PL signal of the as-grown GaPgg73Noo27 Sample shows sharp
emissions above 2 eV. These could be due to non-radiative defects [41] which are reduced

after RTA (see Fig. 4.8 (¢)).
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Integrated PL Intensity (a. u.)

Fig. 4.9 (a, b and c) illustrates the integrated PL intensities versus temperature for GaP1-xNy
alloys as well the Arrhenius fitting to assess the activation energies for PL thermal decay in
different temperature regions.

The Arrhenius fitting expression is given by [41]:

Iy
—Eq1 —Eq;
1+ a,e kT +aye kT

I(T) = (4.10)

where I(T) and I are the PL intensity at T, and PL intensity at the low temperature limit, re-
spectively. Eq1 and Eg, are thermal activation energies, ay and ap are the ratios between the
radiative lifetime in the layer and the escape time from the layer by non-radiative processes at

high temperature, and K is the Boltzmann constant.
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Fig. 4.9. Integrated PL intensity versus 1/T before and after RTA annealing of GaP1.«N,/ GaP
epilayers with (a) x=1.4%, (b) x=2.1% [b] and (c) x=2.7%.

110



It is obvious that there are at least two sorts of non-radiative defects in as-grown and annealed
GaP1.xNx alloys indicating the presence of two quenching processes. Table 4.2 presents the
values of E,1 and E,, as well as a1 and ap.

After RTA the activation energy Eg; values for all samples increased. This could be due to a
reduction of N related defects in the GaP;xNy alloy, which is confirmed by the enhancement
of the optical quality of the annealed N samples. Up to the present time, there is still a lack of
understanding of these types of defects and their quantities [42]. In the high temperature
range, the calculated activation energy E,, of all alloys increased significantly after RTA. Ta-
ble 4.2 shows additionally, the corresponding ratios between radiative and non-radiative life-
times oy and oy for all samples before and after RTA. Due to the enhancement of activation

energy, these ratios have also enhanced after RTA.

Table 4.2: Arrhenius’s parameters obtained from the integrated PL peak intensity versus 1/T

results for as-grown and annealed GaP;.xNx epilayers grown on GaP substrates.

Ea1 Ea a; a2
Sample meV meV

as-grown 0.8 25.1 1 5
GaPo.9gsNo.014

annealed 5.2 87 1 13708
GaPo 98sNo.014

as-grown 10.1 81.7 6 1496
GaPo 979No 021

annealed 14.6 140.1 14 711562
GaPo 979No 021

as-grown 10.3 34.9 8.5 1745
GaPo 973No 027

Annealed 12.4 59 11.6 4850
GaPo 973No 027

To further assess the effect of RTA on the optical quality of GaP;.xNx/GaP heterostructures
investigated in this thesis, the full width at half maximum (FWHM) has been calculated for

all samples (Fig. 4.10).
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The remarkable improvement in the GaPN quality after RTA is evident from the substantial
decrease in the PL line width for all samples. This considerable reduction is roughly from 200
meV down to 150 meV in GaPgggsNo 014 at low temperatures (10-120 K) (see Fig. 4.10 (a)).
The FWHM data of GaPog79Noo21 presented in Fig. 4.10 (b) before and after annealing
demonstrates that annealing causes a decrease of FWHM line. In Fig. 4.10 (c) the FWHM of
GaPog73No027 sample shows a slight decrease in the temperature range below ~80 K.
However, for temperatures above ~100K a large reduction is observed from 600 meV in the
as-grown layer to approximately 100 meV in annealed samples. Such reduction in the
FWHM values after RTA indicate superior material quality. The decrease of the FWHM lines
observed in the annealed samples at different temperatures also indicates an improved

compositional homogeneity upon annealing.
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4.4 SUMMERY

In summary, photoluminescence (PL) measurements were performed to investigate the effect
of nitrogen incorporation on carrier localization in GaP1.xNx epilayers with x in the range 1.4
— 2.7%. Four main results were obtained. Firstly, GaPN has a direct bandgap after
incorporating N into the GaP host lattice, due to the well-known giant bowing effect for I11-
V-N materials. Secondly, a redshift of the PL peak energy with increasing nitrogen content in
GaPN was observed. This was attributed to the creation of N-pairs clusters and Ga defects
near the CB after N incorporation. Thirdly, a decrease in the PL intensity was observed with
increasing N content. This was explained by an increase in the defects related to nitrogen
incorporation as well as a reduction in sample quality resulting from strain enhancement.
Lastly, an S-shape behaviour has been seen in GaPN epilayers with nitrogen composition >
2%. This finding confirms the carrier localization phenomena caused by nitrogen

incorporation in dilute GaPN materials.

In addition, the effect of the RTA thermal annealing at 800 °C for 5 minutes on the optical
properties of GaPN with various N contents was investigated by PL technique. Primary, the
PL intensity is increased after RTA for all samples. This is due to the reduction of the con-
centrations and or annihilation of some of the defects after heat treatment, such as nitrogen
clusters and Ga vacancies. The observed blue shift after annealing was also assigned to po-
tential fluctuations and a significant decrease in the defects which reduce the localized states.
Additionally, RTA improved the optical properties of all GaPN alloys by reducing the PL
linewidth and increasing in thermal activation energies. Carrier localization was reduced by
RTA due to the reduction in N localized states. Generally, it was found that RTA improves

the optical quality of the GaPN epilayers investigated in this study.
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CHAPTER 5: INVESTIGATION OF THE EFFECTS OF
ARSENIC AND INDIUM INCORPORATION AND
THERMAL ANNEALING ON THE STRUCTURAL

AND OPTICAL PROPERTIES of GaPgNg o1

This chapter reports the effect of arsenic (As) and indium (In) incorporation into GaPg.99No o1,
namely GaASy1PooNoo1 and Ingg7GagesPogsNoo1 quaternary alloys grown by Molecular
Beam Epitaxy (MBE) on (100) GaP substrates, on their structural and optical properties using
HR-XRD, XSR, and PL techniques. In addition, the effects of rapid thermal annealing (RTA)
on the structural and optical properties of GaAsy 1Po.s9No.o1 and 1ng.07Gao 93Po.99No o1 are also

investigated.

5.1 INTRODUCTION

Recently, I111-V-N dilutes nitrides have received significant attention due to their unique
optical and electrical properties. They have been used in optoelectronic and photovoltaic
applications. For example, GaPN materials are used to develop high efficiencies solar cells
[1-2]. Adding 2% of N into GaP host material resulted in a change of the nature of the
bandgap, i.e. from indirect (2.26 eV) to pseudo-direct bandgap (1.9 eV) [3] at room
temperature (RT). Thus, this allows the control of new optical and electrical properties of
GaPN. In addition, various ions have been added to modify further GaPN’s properties and
reduce the band gap to reach near 1.8 eV [4-5]. The most attractive atoms are arsenic (As)
and indium (In) which have been used for the fabrication of quaternary GaAsPN and InGaPN
materials based solar cells with high photovoltaic efficiency. However, the composition of As
and In in GaAsPN and InGaPN, respectively, have to be controlled in order to satisfy the

lattice matching conditions [6]. In the following section the effect of the As and In
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compositions on the bandgap of the GaAsPN and InGaPN quartenary materials and the
critical thickness, known as the thickness above which misfit dislocations are created, will be

discussed.

7.1.1 BANDGAPS OF GaAsPN AND InGaPN

By using sp3d5s*sN tight-binding calculations adjusted for the description of nitrogen
incorporation in diluted regimes, the GaAsPN and InGaPN bandgaps are determined [7-8].
This model has been shown to agree with the experimental data with good accuracy [8]. The
black lines (solid and dashed) in Fig. 5.1 present the nitrogen amount required for quaternary
alloys to be lattice-matched with a (001)-oriented silicon substrate, as a function of As or In
content. Moreover, the red lines (solid and dashed) show the bandgap calculation of the
corresponding alloy. For example, the GaAsPN (InGaPN) alloy with an As (In) content equal
to 18% would need 6% (10%) of N to be lattice-matched with Si, giving an alloy with an
energy bandgap of 1.58 (1.32) eV [1]. It is clear from the calculated data shown in Fig. 5.1
that the optimized structure of lattice-matched GaAsPyNux.y) and InGaixPiyNy is
GaASy.122P0.83N0.04s and 1ng.07Gag s3Po.9sNo.os, respectively, to ensure a 1.8 eV bandgap energy.
However, it is known that diluted nitrides layers with high N composition display poor
structural quality because of the low solubility of N in GaP, however, these structural
properties have been enhanced by annealing processes [9-10]. The main goal is to achieve a
pseudomorphic growth by keeping the grown layers under critical thickness [3]. This could
help increase the As incorporation in order to achieve the expected 1.8 eV bandgap while

keeping the amount of incorporated nitrogen atom low.
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Fig. 5.1. Bandgap and composition of GaAsPN and InGaPN alloys lattice matched with Si.
Black lines represent the evolution of nitrogen content in GaAsPN (solid line) or InGaPN
(dashed line) alloys as a function of As or In content to get the exact lattice matching with
silicon substrates. Red lines give the bandgap energy for the corresponding GaAsPN (solid
line) or InGaPN (dashed line) alloys, as determined with sp3d5s*sN tight binding calcula-
tions [3].

5.1.2 CRITICAL THICKNESS OF GaAsPN AND InGaPN

The critical thickness of the film (hc), is defined as the thickness beyond which dislocations
are introduced [11].

Taking into consideration that the ideal thicknesses of deposited I11-V layers on silicon in
tandem solar cells are around 1um, this value was considered in the following as a lower
limit for the critical thickness. Matthews and Blakeslee reported a relationship that can be

used to determine the critical thickness of those materials [12].

o= O ) ) 6

where f is the lattice mismatch, b is the intensity of the burgers vector, v is the Poisson ratio

of the thin layer, and h, is the critical thickness (CT).This model with above equation has
been shown to provide a good agreement with the experimental data [3] . Fig. 5.2 (a) and (b)
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illustrates the iso-contour plots of the CT for GaAsPN and InGaPN between 100 nm and 1
um, as a function of nitrogen concentration and As and In content, respectively. With the
absence of N and As, the value for the GaP/Si CT has been found to be equal to 40 nm [3].

This value is coherent with the experimental findings [13-14].
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Fig. 5.2. Iso-contour plot of the critical thickness (CT) for (a) GaAsPN and (b) InGaPN al-
loys between 100 and 1000 nm [3].

Almosni [3] reported that in the case of the GaAsPN alloy, assuming a 1pm threshold of CT
and a maximum of 4% nitrogen for a reasonable crystalline quality, the As content is equal to
9%. Thus, with regard to tight-binding calculations, this would grant a 1.81 eV bandgap for
the GaAso 09Po.s7No.os alloy, which is the ideal 1.8 eV energy bandgap [3]. Furthermore, for
InGaPN case (see Fig. 5.2 (b)), keeping the same threshold and the same nitrogen limit of
4%, the indium content is equal to about 4%. However, for an In content of 6% in
Ino.0sGan.04P0.9sNo.04 alloy the calculations of tight-binding give a bandgap energy of 1.83 eV
[3]. As a result, it is obvious that GaAsPN alloy reaches slightly lower bandgap than the

InGaPN alloy.

In summary, incorporating a small percentage of nitrogen atoms, as well as arsenic and indi-
um into the host lattice of dilute 111-V nitride semiconductors allow the synthesis of novel
materials with a bandgap energy of 1.8 eV, which are required for Si tandem solar cells [15].

In addition, these new materials could have unprecedented optical and electrical properties.

121



As mentioned in previous chapters, RTA has a strong treatment impact on 111-V-N materials.
Therefore, it is important to study the influence of RTA on the GaAsyiPogsNoo1 and
INg.07Ga0.93P0.99No 01 quaternary compounds.

In this work, the effects of arsenic (10%) and indium (7%) incorporation in GaPgg9No o1 and
the RTA annealing process on the structural and optical of GaAsy1PogoNoo1 and
INo.07Gap.o3PogoNoo1 Will be investigated. All samples, namely GaAsy1PosoNoo1 and
INo.07Gao.93P0.99No 01, reported here are grown by Molecular Beam Epitaxy (MBE) on (100)
GaP substrates. These experiments were performed by using HR-XRD, XSR and PL

techniques.

5.2 SAMPLES DETAILS

The samples growth details are discussed in chapter 3. Briefly, the GaAsy1PogsNoo:1 and
INo.07Gap.93P0.99No o1Structures are grown in a solid source MBE with a 10 nm GaP capping
layer on (100) GaP substrates. In the growth chamber, the fluxes of arsenide and indium are
set in order to achieve 10% and 7%, respectively. A valved RF plasma source has been used
to incorporate a 1% of nitrogen. The GaAsy 1Po.s9No.01 and Ing.07Gag 93Po.g9No.oalayers are 100
nm thick as shown in Figure 5.3 (a) and (b), respectively. The growth temperature was 480
°C with a growth rate equals to 0.5 monolayer (ML)/s. These samples are grown under V/I1I

BEP flux ratio which is 10. Phosphorus flux is 7 ptorr.

GaP (10 nm) GaP (10 nm)
GaAs,Pg.goNoo1 (100 nm)| Ing.07Gag.03P0.00Np 01 (100nm)
GaP (100) substrate GaP (100) substrate

Fig. 5.3. Schematic diagram of (a) GaAsy.1Po.s9No.01 (D) INo.07Gag.93Po.gsNo.o1 dilutes nitrides.

These samples will be compared with GaPgg9Noo1 With N content of 1%. Rapid thermal

annealing (RTA) process was carried out at 800°C for 5 minutes.
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5.3 RESULTS AND DISCUSSION

In this section the structural and optical properties of the samples discussed in the above sec-

tion using HR-XRD, XSR and PL measurements will be reported.

5.3.1 INVESTIGATION OF STRUCTURAL PROPERTIES OF AS-GROWN AND
ANNEALED GaAs;.1Po.89Nog o1 and 1ng07Gao 93Po.99No 01

For investigations of structural properties of thin epitaxial films, similar procedure has been
used as explained in chapter 4 by performing HR-XRD and XSR.

HR-XRD measurements were performed on GaAsg 1Po.s9No.o1 and Ing07Gag.e3Po.ggNo.o1 layers
grown on (100) GaP substrates after centring and optimizing the 004 symmetrical Bragg
reflections. The composition of GaAsPN and InGaPN quaternary films can be determined by
x-ray reflection from the (004) plane. As the crystallographic parameters such as lattice
constant and spacing between the planes of the substrate and epitaxial layer are different, an
x-ray diffraction pattern as a function of angle will show at least two peaks corresponding to
the satisfied Bragg conditions for the substrate and the epilayer of GaAsy1PogsNoo1 and

INo.07Gao .93P0.99No.01.

If a(GaP) (a is a lattice constant)= 5.4505 A (reference value), a(GaAs) = 5.65325 A and
a(InP) = 5.8687 A , then the composition of (GaAs,P1.) and (Gaxlnix P) can be calculated

using Vegard’s law [16] as following:
a(GaAsyP1,) = a(GaAs) * x +a(GaP) * (1-x) =5.4505 A + 0.20275 A - x (5.2(a))
a(GaAs ¢1Pgg) = 5.4505 A + 0.20275 A + 0.1=5.4708 A

a(GayInyP) = a(GaP) = x +a(InP) - (1-x) =5.8687 A-0.4182 A - x (5.2 (b))

a(Gag.g3lnoo7P) = 5.8687 A -0.4182 A - 0.93=5.4798 A
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Intensity (cps)

Then distortion coefficient P for the sample grown on (100) GaP, as explained in equation
(4.9) in previous chapter [17] and given that the N content of our samples is low, the elastic
constants of GaAs are used to calculate P. These are C11 = 119 GPa, C1, = 53.4 GPa and Cu4
=59.6 GPa. The value obtained are P1go= 0.527. For InP elastic constant are These are C11 =

101.1 GPa, C1, = 56.1 GPa and Cy4 = 45.6 GPa. Thus, the P1go= 0.474.

HR-XRD and XSR curves (20 scans) obtained from as-grown and annealed
(GaAsp.1PogaNoo1) and (Ingo7GapesPo.gosNoo1) epilayers grown under near-stoichiometric

conditions on (100) GaP substrates are shown in Fig. 5.4 (a) and Fig. 5.4 (b), respectively.

With regard to XSR results illustrated in Fig. 5.4 (a) pronounced Kiessing fringes were
observed. In other words, the surfaces of both as-grown and annealed samples are rough.
Moreover, it is clear that XSR measurements for as-grown samples exhibit peak at around
20=2, which disappears after the annealing process. Thus, the samples have different surface
roughness before and after annealing. Fig. 5.4 (b) shows slight damping of fringes and a
decrease of peak intensity after RTA. This gives an indication of increasing disorder in the
epitaxial layer. All these results indicate that the vertical lattice parameters are not identical

for as-grown and annealed GaAsy.1Po.s9No.o1 layers.

HR-XRD- GaAs P._N

XSR - GaASo,lpo.sgNo.m 01’ 089 001
106 i T T T T T T T T T T T
———as grown s | 004 3
annealed 1077 as-grown f ]
5 —Sij ion- g
10°4 Simulation- annealed 5 | —— annealed d = 5.4454(5) A
Simulation- as-grown 10° 1 h 7
; d = 5.4464(5) A
104 T 1~
3.8nm 8 10 4
top layer L p
10 12 9
% 1074
5
10 1E
£ 101 “’q'
10" 10 - Film Thickness:
t=127 nm/ 122 nm
10° 0 .

T T T T T T T 10 ! . . .
05 10 15 20 25 30 35 40 67.5 68.0 68.5 69.0 69.5 70.0
26 (Degrees)

20 (Degrees)

Fig. 5.4. (@) XSR measurements for GaAsyiPossNpo1 (b) HR-XRD measurements for
GaAsg.1Po.g9No.01.
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It is noted that RTA leads to an increase of the surface roughness from ~1.5 nm to 2.1 nm as
shown in Table 5.1. Furthermore, it is obvious from Table 5.1 that there is a small reduction
of the vertical lattice parameters after RTA which reduces the thickness from 127nm to
122nm. There is no significant N-induced change in the vertical lattice spacing after

annealing.

Table 5.1: Main structural results from HR-XRD before and after RTA for GaAsg 1Pos9No o1.

Sample Vertical lat- Root Mean Square Thickness Nitrogen induced
tice spacing (RMS) Surface (nm) change in vertical
(A) Roughness (nm) lattice spacing
GaASo.1Po.s9No.o1 5.4464 ~1.5 127 -0.0079
as-grown
GaASsy.1PosgNo.o1 5.4454 ~2.1 122 -0.0077
annealed

For as-grown and annealed Ingo7GagosPogsNoo1 layers which are grown under near-
stoichiometric conditions on (100) GaP substrates, XSR and HR-XRD curves are illustrated
in Fig. 5.5 (a) and 5.5 (b), respectively. In Fig. 5.5 (a) no Kiessing fringes were observed
indicating rough surfaces for both samples. Moreover, the measurements of XSR for both

samples show similar slopes, evidencing the identical surface roughness for these samples.

Fig. 5.5 (b) shows that no measurable qualitative difference between as-grown and annealed
samples. This means that there is no change in the epitaxial layer disorder. However, a very
small difference in the 20 value of layer reflections between as-grown and annealed

Ino.07Gap.03Po.99No01. It is noticed that this could be accounted for by the experimental error.
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Fig. 5.5. (a) XSR measurements for Ing 7Gao.93Po.99No 01, (0) HR-XRD measurements for

IN0.07Ga0.93P0.99No.01-

As aresult, RTA leads to no measurable effect on the lattice parameter, and no noted nitrogen

induced change in vertical lattice spacing, as well as no impact on surface roughness (see

Table 5.2).
Table 5.2: Main structural results from HR-XRD before and after RTA for
IN0.07Ga0.93P0.99No.01-
Sample Vertical lat- Root Mean Thickness | Nitrogen induced
tice spacing Square (RMS) (nm) change in vertical
A) Surface Rough- lattice spacing
ness (nm)
|n0.o7Ga0.93P0.ggN0.01 5.4107 ~25 113 -0.0173
as-grown
|n0.o7Ga0.93P0.ggN0.01 54112 ~25 113 -0.0172
annealed

5.3.2 OPTICAL PROPERTIES OF GaAsy1PggoNoo1 and INg 07Gag.93P0.99No.01

The samples were excited using a blue laser with a wavelength of 473nm and a power of

16mWw.

From previous studies, it was proven that adding a small number of atoms into I11-V-N

materials leads to a change of the bandgap energy [6]. For example, incorporation of arsenic
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(As) and indium (In) into GaPN leads to a reduction of the bandgap from ~1.9 eV to ~1.8 eV
at room temperature [1]. Fig. 5.6 illustrates the PL spectra of GaPgg9No.01, GaASe.1Po.s9No.01
and Ing 07Gao 93Po.99No.01 at 10 K.

It is clear that after adding 10% of As and 7% of In to GaP.99No 01, the peak PL energy shifts
to lower value, namely from 196 eV to =18 eV and =1.82 eV, GaPggNoo1,
GaASs).1Po.s9No.o1 and Ing07Gag.e3Po.g9No.o1, respectively (see Fig. 5.6). It is important to note
that a lower In composition as compared to As (10%) results in an energy shift closer to the
ideal 1.8 eV energy bandgap suitable for tandem solar cells using Si. In the case of
GaAsy.1Po.soNoo1, this result can be attributed to a lowering of the density of non-radiative
(NR) centres [3]. Thus, this could be explained by the fact that the generation of NR traps is
dependent on strain effects induced by N incorporation. This is confirmed by the fact that Ga;
has been created due to the incorporation of nitrogen, which could be decreased by adding As
into GaPg.99No o1 [18]. With regard to the energy reduction in Ing7Gag.g3Po.99No.o1, this could
be because of the reported high degree of lattice mismatch between Ing0;Gag.g3Po.g9No.o1 0N
GaP substrate [3] that leads to increase the defects. In general, the Eg observed in both

materials reaches the target energy value for solar cells based materials on Si which is 1.8 eV.

35000
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Fig. 5.6. PL intensity vs photon energy for GaPggNooi, GaAsyiPogoNoo1, and
INo.07Gao.93P0.99No.01 at 10K.
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It is clear from Fig. 5.6 that the PL intensity increases by incorporating arsenic and indium in
GaPg.g9Np o1 by roughly a factor of 3.2 times and 2.1 times, respectively. The nitrogen
incorporation into GaP leads to a decrease of the crystal lattice constant and the formation of
elastic stresses in the epitaxial layer upon pseudomorphic growth on GaP substrates [19].
Adding arsenic and/or indium in GaPN result in an increase of the crystal lattice constant and
the compensation of elastic stresses originating by the incorporation of nitrogen [19]. As can
be seen in Fig. 5.6 the PL peak intensity for the Ing¢7Gag93Po.9sNoo1 layer is lower than that
of the GaAsy 1Po.s9No.01 layer by almost a factor of 1.6. This could be attributed to the fact that
the concentration of defects in the Ingo7GaoosPogoNoor layer is higher [19]. The indium
incorporation leads to the compensation of elastic stresses, but indium is incorporated in the
sub-lattice of group Il elements. Such a method of compensation is clearly worse than
adding arsenic, which compensates elastic stresses caused by nitrogen in the sub-lattice of
group V. The compensation of stresses by arsenic substitution into group V eliminates the
formation of defects, which was reported in a previous study [20]. This means that
GaAsg.1Po.soNo.oamaterials could be better suited for solar cells application on Si substrates

because of its higher quality than Ing ¢7Gag.93Po.99No.01 based materials.

Moreover, Fig. 5.6 shows a broad peak in the energy range of 1.23-1.5eV for
GaAsy1PosoNoo1. This could be caused by the NR defects which originated after
incorporating arsenic into GaPN [21]. These NR defects are reported in earlier study as defect
complexes involving Asg, antisite [21]. Fig.5.6 also displays sharp peaks for
Ino.07Gap.o3Po.99No.01 in the energy range from 2eV to 2.2eV, which are also related to NR

defects that are Ga; self-interstitials after nitrogen incorporation [21].

It is very important to plot the temperature dependence for all samples for comparison
purposed as shown in Fig. 5.7. Clearly, all three samples display the S-shape behaviour but

over different temperature ranges. GaPg g9Noo1, GaASy1Po.s9Noo1 and Inge7Gag.93Po.g9No.o1
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display the S-shape over the temperature range 40K-140K, 40K-160K, and 20K-300K,
respectively. This is due to the carrier localization effect which causes by incorporating N

into GaPg g9No .01, GaASo.1Po.89No.01 and Ing.07Gag.e3Po.99No .01 [3]-

In the case of Ing07Gage3Pog9Noo1 alloys, the S-shape is also attributed to that incorporation

of indium leads to a disturbance of the localized states caused by indium fluctuations [19].

This is also assigned for a broad peak of this material as it is shown in Fig. 5.6 in the energy

range of 1.5-2eV.
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Fig. 5.7. Temperature dependence of PL peak energy of GaPgg9Noo1, GaASy1Po.g9No 01, and
INg.07Gao 93P0.99No.01.

Full Width at Half Maximum (FWHM) curves for GaPggoNooi, GaAS1PossNoo1, and
INo.07Gap.o3Po.oosNo o1 alloys are presented in Fig. 5.8. It is clear from Fig. 5.8. that
GaAsy1PosgNoo1 has the narrowest linewidth (i.e. smallest FWHM values) in the low
temperature range (under 140K). This means that the optical quality of GaAsg1Pos9No.o1 iS
higher than that of GaPgg9No.o1 and Ingo7Gap.e3Po.99Noo1, indicating a good level of lattice

matching between the GaAsy.1Pog9Noo1 layer and GaP substrate.
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INo.07Gao 93P0.99No.01.

As shown in Fig. 5.8, Ing07Gage3Pog9Noo1 Sample has the highest value of FWHM in the
temperature range 10K-140K, which could indicate a large mismatch between
Ino.07Gap.o3Po.99sNoo1 layer and GaP substrate, and therefore leading to a poor crystalline
quality and a high rate of nonradiative recombination [1]. Therefore, all the above results
obtained in this study indicate that GaAsy1PossNoo1 IS the best choice to fabricate good

efficiency solar cells-based materials on Si substrates.

5.3.3 INVESTIGATION OF RTA EFFECT ON THE OPTICAL PROPERTIES OF
GaAse.1P0.89No.0o1, AND 1N 07Gag.93Po.99No.0o1

In order to investigate the effect of RTA on the luminescence properties of these quaternary
alloys, photoluminescence measurements at different temperatures (10 K- 300 K) were
performed for annealed samples using the same PL experimental conditions as the as-grown
samples. The details of the annealing procedure were described in Chapter 3, however,

briefly the samples were heat treated at 800°C for 5 minutes.

5.3.3.1 THE GaAsg1Po.gNoo1 CASE
Fig. 5.9 presents the photon energy with luminescence intensity for GaAsy1Pos9Noo1 and

Ino.07Gan.g3Po.ogNo o1 alloys before and after RTA. It can be seen that the annealing process
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leads to an enhancement of the optical properties as demonstrated by the PL intensity

increase by approximately a factor of 13.
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Fig. 5.9. Photon energy vs PL intensity spectra at different temperatures for (a) as-grown and
(b) annealed of GaAsy 1Po.gsNoo1-

This is not a surprise in dilute nitride materials, as the N incorporation into GaAsP leads to
the presence of a random distribution of nitrogen clusters and isolated nitrogen impurity
states in the crystals [22-23]. By subjecting this alloy to an RTA temperature of 800°C, a
thermal energy applied for the change in group V atom configuration i.e., a change in the
nearest neighbour environment of Ga atoms [24]. This significantly results in a reduction in

the defect density and an increase in layer absorption [24-25]

In addition, after RTA a blue-shift is observed at all temperatures as evidenced in Fig. 5.9.
This is clearly seen in Fig. 5.10, which presents the normalized PL peaks with photon energy

at 10 K, as well as in Fig. 5.11 (a), which presents the temperature dependence of the PL peak

energy.
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Fig. 5.10. Normalized PL intensity for GaAsy 1Po.gsNo.o1 before and after RTA.

Obviously, the PL energy shifts to higher energy (from 1.8 eV to =~ 1.9 eV) after annealing
treatment. The mechanism of this could be attributed to the fact that by annealing the increase
in the luminescence intensity evidences a decrease of point defects in the layers and /or
radiative localised states in the bandgap [26]. The annihilation of these defects result in an
enhancement in carrier concentration and radiative recombination processes at the band

edges, which could lead to a luminescence shift towards higher energy.

The PL peak energy positions and FWHM of the as-grown and annealed GaAsp 1Po.g9No.o1
alloys over the temperature range 10-300K are plotted in Fig. 5.11 (a) and Fig. 5.11 (b),
respectively. The S-shape behaviour is also observed in the annealed sample (see Fig. 5.11
(a)). This impact could be clarified by the effect of strain on N incorporation, as the increase

of the N content leads to a strain reduction in samples with high As content. Additionally, the
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N composition could be promoted by the higher surface roughness of the sample with high

As content [27].
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Fig. 5.11. (a) Temperature dependence of PL peak energy and (b) FWHM of

GaAs).1Po.s9No.o1 alloys before and after RTA.

In Fig. 5.11 (b), the FWHM results show a strong dependence on the annealing. After RTA,

the FWHM decreases to almost a value of 150 meV from approximately 300 meV at 140 K,

which indicates the enhancement of GaAsy 1Po.s9sNo.o1 layer quality after RTA.

For further evidence of the positive effect of the rapid thermal annealing treatment, it is very

significant to plot the temperature dependence of the integrated PL intensity for as-grown and

annealed GaAsy1PosoNoo1, as illustrated in Fig. 5.12. In addition, the Arrhenius equation

(introduced and explained in the previous chapter) is used to fit these data to calculate the

activation energy (E) and the corresponding ratios between radiative and non-radiative

lifetimes (a). It is very obvious from Fig. 5.12 that the integrated PL intensity decreases as

the temperature is increased in both as-grown and annealed samples.
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Fig. 5.12. Temperature dependence of the integrated PL intensity for GaAsg 1Pog9No.o1 alloys
before and after RTA, with Arrhenius fitting (blue lines).

It is very clear from the inset in Fig. 5.12 that the RTA treatment leads to an enhancement of
the integrated PL intensity. Table 5.3 displays the values of thermal activation energies as
well as the corresponding ratios between radiative and non-radiative lifetimes. The presence
of two quenching processes indicates that there are at least two types of non-radiative defects
in the sample. The thermal activation energies E,; and Ej; are 17.2 and 65.8 meV,
respectively, and the corresponding ratios between radiative and non-radiative lifetimes a4, 0
are equal to 28.5 and 51949 for as-grown GaAsg1PogoNoor alloys. These values increased
after annealing treatment. After RTA, the thermal activation energies E,; and Eg, are found to
be 21.1 and 78.5 meV respectively, and the corresponding ratios a4, o, are also increased by
increasing the activation energy to be from 21 and 7641 to 28.5 and 51949 after RTA. This

means that RTA helps to increase the optical efficiency of the samples. Additional structural
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studies need to be carried out in order to identify which defects correspond to these activation

energies and also to measure the concentration of these defects [3].

Table 5.3: Arrhenius’s parameters for the integrated PL peak intensity for as-grown and

annealed GaAsg 1Po.go9No.o1 grown on GaP substrates.

Ea Ea o1 o
Sample meV meV
as-grown 17.2 65.8 21 7641
GaAs.1Po.gNo.o1
annealed 21.1 78.5 28.5 51949
GaAso.1Po.9Noo1

5.3.3.2 THE Ingg7Gag 93Pg.99Ng 01 CASE

Fig. 5.13 (a) and (b) shows the PL spectra versus PL peak energy of Ingo7Gag.93Po.99No.o1

before and after RTA, respectively. It is clearly observed that the optical quality in terms of

luminescence intensity of this material is enhanced after RTA. However, RTA leads to

shifting towards higher bandgap energy. A similar blue-shift caused by annealing has also

been reported for (Galn)(NAs) grown on GaAs substrates [28].
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Fig. 5.13. Photon energy vs PL intensity spectra at different temperatures for (a) as-grown

and (b) annealed of |n0_07Ga0.93P0.99N0.01.
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In MBE GalnNAs I11-V-N grown samples, depending on the N and In concentrations and the
annealing conditions, there are indications that the local N-environment changes. For
example, the configuration of N-environment could have four Ga nearest neighbours or more
In nearest neighbours [28]. This rearrangement of the N nearest-neighbour environment is
caused by the competition between chemical bonding and local strain contributions to the site
energies of the different N-environments. Over the growth process chemical bonding aspects
dominate at the surface which forms Ga-N bonds instead of In-N bonds [29]. This surface
state is frozen in during the non-equilibrium growth process. In contrast to the surface at
equilibrium, In-rich nearest neighbour configurations of N are favoured in bulk because of
the local strain dominance effects. Thus, the frozen non-equilibrium bulk state can be
converted into the equilibrium bulk state by annealing under compatible conditions. The
change of N to In-rich environments leads to reduced N-induced perturbation of the host
semiconductor [30]. This decrease in the perturbation causes small changes in the band

structure.

Thus, it is believed that the same mechanism could explain the observed blue-shift in the

annealed Ing 07Gag 93Po.99No.01 SamMples investigated in this work.

Moreover, the broadening in the as-grown photon luminescence is really minimized after
annealing. This could be explained by the fact that RTA decreases the In fluctuation in the
layer. The peak which was observed in the as-grown sample at energy range above 2eV (see
Fig. 5.13 (), is not present after RTA, indicating a reduction of NR defects density (see Fig.

5.13 (b)).

Fig. 5.14 (a) shows the temperature dependence of PL peak energy of both as-grown and
annealed Ing07Gag 93Po.99No.or samples. An S-shaped curve (up-down-up), is clearly seen
below 150 K for the as-grown sample (Fig. 5.14 (a)). However, this S-shape (up-down) is

less pronounced for the annealed samples. The S-shape behaviour evidences the presence of
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localized states in both as-grown and annealed samples due to the spatial distribution of local
regions of N-induced fluctuations of the bandgap energy [31-32]. However, the less
pronounced S-shape behaviour observed in the annealed sample indicates that the annealing
process has been effective in decreasing the effect of localization. The composition non-
uniformity of N and In in the Ing07Gao.93Po.99Noo1 layer causes these various spatial regions.

[31].

Assuming that there are three spatial regions in the potential as follows: (1) a shallow
potential region in which N and In compositions are higher, (2) an intermediate potential
region in which N composition is intermediate and In composition is lower, and (3) a deep
potential region in which N and In compositions are higher. Therefore, the bandgap energy in
the N- and In-rich region (3) is smaller than in the other spatial regions (1) and (2). After
RTA, the S-shape curve was changed to the up-down curve. The disappearance of the up-
phase above 150K means that the spatial density of the N- and In-rich region (3) has
decreased with a relative increase of the other spatial regions (1) and (2). This phenomenon is
similar to that observed in InGaAsN [31-33] alloys, which originates from partial elimination

of the spatial fluctuations.

Narrower FWHM has been observed after RTA as demonstrated in Fig. 5.14 (b) in the
temperature range from 10K-160K. However, in the temperature range 160K to 300K the
energy of the PL peak of the annealed sample falls more rapidly than the as-grown sample

(Fig. 5.14. (a)). In addition, the FWHM is larger than the as-grown sample (Fig. 5.14. (b)).
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Fig. 5.14. (a) Temperature dependence of PL peak energy and (b) FWHM of

Ino.07Gap.93P0.99No 01 alloy before and after RTA.

Fig. 5.15 shows the integrated PL intensities over (1/T) with Arrhenius fitting for

Ino.07Gap.03Po.99No .01 before and after RTA. The integrated PL intensity decreased with the

increase of the temperature for both as-grown and annealed Ing o7Gag.93Po.99Noo1 layers. This

behaviour is similar to the one observed in InGaAsN alloys, which may involve a preferable

formation of In-N bonds due to the local strain compensation of atomic size between In and

N atoms [34-35]. The PL quenching in the annealed Ingo;GaggsPoooNoo1 layer became

smaller than that in the as-grown layer (see inset in Fig. 5.15). This means that RTA could

lead to a decrease in non-radiative centres resulting from the increase in the In-N bonds [36].

It could be expected that the more In atoms are incorporated, the more In-N bonds and fewer

N-related defects [37-38] are formed. This reduction in N related defects will be of great help

in the deactivation of non-radiative centers.
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Fig. 5.15. Temperature dependence of the integrated PL intensity for Ingo7Gag.93Po.99No.o1

layer before and after RTA with Arrhenius fitting (blue lines).

Table 5.4 presents the Arrhenius fitted calculation of the activation energy for
Ino.07Gap.93Po.99No .01 alloys before and after RTA. It can be seen that there are two kinds of
non-radiative defects in as-grown and annealed samples. Thermal activation energies E,; and
Eax are 11.9 meV and 74.9 meV, respectively. The corresponding ratios between radiative
and non-radiative lifetimes oy and oy are equal to 5 and 1369, respectively, for as-grown
Ino.07Gap.o3Po.0sNoo1. These results suggest that there exists two different origins of PL in
InGaPN layer, namely localized (P.) and free (Py) excitonic recombination [39]. The values
of thermal activation energies are increased after annealing to 12.59 meV and 79.16 meV.
These above ratios are also enhanced by thermal annealing to 6 and 4525. This increase of
the activation energy after RTA indicates that the optical quality of the sample is more

efficient after RTA.
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Table 5.4: Arrhenius’s parameters for the integrated PL peak intensity for as-grown and

annealed InGaPN grown on GaP substrates.

Ea Ea o o
Sample meV meV
as-grown 11.9 74.9 5 1369
INo.07Gao.93P0.99No.01
annealed 12.59 79.16 6 4525
INo.07Gao.93P0.99No.01
5.4 SUMMERY

In summary, experimental measurements have been carried out using PL to investigate the
effect of RTA on the optical properties of GaAsy1PogoNoo1 and 1ngo7Gag.e3Po.g9No.o1

quaternary alloys grown on (100) GaP substrates.

With regards to the optical properties, the incorporation of As and In leads to a decrease in
the bandgap of GaPgg9Noo1 and reach =1.8 eV for GaAsq1PogNoo1 and =~1.83 eV for
INo.07Gap.93Po.99No.o1. This value of 1.8 eV is actually an ideal bandgap of solar cells-based
materials grown on Si substrates. The incorporation of arsenic and indium resulted in an in-
crease in the PL intensity in both quartenary alloys as compared to the ternary GaPo 99No.01
alloy. However, the FWHM results evidenced poor quality of Ing¢7Gagg3Po.99Noormaterial,
which could indicate lattice mismatching between Ing0;Gage3Pog9Noo1 layer and the GaP
substrate due to indium incorporation. On the contrary, As addition leads to lattice matching
between GaAsy.1Po.gsNoo1 and GaP substrate, which means that this material has higher crys-
tal quality than Ing07Gao 93Po.g9No.oz. In addition, compensation of elastic stresses and inhibi-
tion of defect formation occur because arsenic substitutes group V in the quaternary dilute

nitride alloy. Furthermore, a comparison of the RTA impact on GaAsy1PosoNoo1 and
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Ino.07Gan.93Po.99No.o1 alloys have been investigated at 800 °C for 5 minutes. After RTA the PL
peak intensities of both materials were increased, at the same time the bandgap energies
shifted to higher values. In GaAsy1PogsNo o1 alloy after RTA the blue-shift was attributed to
the reduction of the crystal point defects that could lead to an increase in carrier concentration
and radiative recombination processes at the band edges. For Ingo7Gag3Po.99Noo1 alloy, the
shift to higher energy after RTA could be caused by the modification of the electronic
bandgap structure due to a reduction of the local perturbation associated with the modifica-
tion of the N environment. Additional evidence of the enhancement of the optical properties
of GaAsy 1Po.gsNo.o1 and Ing07Gag.e3Po.g9Nooa alloys after RTA was demonstrated by narrower

FWHM values and larger activation energies as compared with the as-grown samples.
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CHAPTER 6: INVESTIGATION OF THE EFFECT OF
DIFFERENT THICKNESSES AND THERMAL
ANNEALING ON THE OPTICAL PROPERTIES OF
GaASsy1PogaNpor ALLOYS GROWN ON GaP
SUBSTRATES

In this Chapter, optical characterization technique, namely photoluminescence (PL), has been
employed to investigate the effect of different epilayer thicknesses (i.e, 100 nm and 1 pm) on
the optical properties of GaAsy 1Po.g9No.or grown on (100) GaP substrates. The effect of RTA

on the optical properties of the thicker sample has also been investigated in this chapter.

6.1 INTRODUCTION

One of the most effective parameters in the growth of dilute nitrides is the thickness of the
epilayer [1]. The thickness has been reported to influence the lattice matching of the materials
as well as the structural, optical and electrical properties [2]. Moreover, it is very important to
keep the thickness of the epilayer in the range of the critical thickness (CT) (1 um within the
CT range of GaAsPN alloy). In the following are a number of the reported studies on the
impact of epilayer thickness on the various properties of semiconductors.

Chitra et al. [3] have studied the effect of different thicknesses (250, 300 and 500 nm) on the
optical and electrical properties of gallium arsenide (GaAs) thin films [3]. They observed that
by increasing the layer thickness, the optical transmittance peak was increased, while the lu-
minescence bandgap was reduced from 3.2eV for thinner layer to 2.85eV for thicker one.
Additionally, they reported that thicker layers lead to an enhancement of the refractive index

from 1.8 to 2.5 at wavelength of 1800nm. On the contrary, the extinction coefficient (ki)
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which is related to the absorption coefficient (a= 4mki/A; A is the wavelength of light), and the
real and imaginary part of dielectric constant decreased.

S. Belahsene et al [4] studied two GaN p-i-n structures with different thicknesses of the (i-
GaN) undoped layer (0.2 um and 0.6 um) after beta particle irradiation. One of their aims
was to investigate the impact of the thickness of the (i-GaN) undoped layer on the number of
generated electron-hole pairs (EHPs), therefore on the efficiency of betavoltaic conversion. It
IS worth noting that the operation principle of a betavoltaic microbattery is similar to that of a
photovoltaic cell. They found that the irradiation had no effect on the measured capacitance
of the thicker sample. On the other hand, a significant effect of p-particles was observed on
the capacitance of the thinner sample compared with the as-grown sample. This result was
explained by a variation of the free charge density in the depletion region due to a partial loss
of charge carriers in the p-i-n junction upon irradiation. In addition, they reported that the ir-
radiation has no effect on either deep electron traps ranging from 0.6 to 0.8 eV or deep hole
trap at 0.8 eV. New shallow electron traps ranging from 0.06 to 0.08 eV were attributed to the
effect of irradiation.

Another study has reported the epilayer thickness variation effects on the optical properties of
AIN [5]. AIN epilayers were grown by metal organic chemical vapour deposition on sapphire
substrates with three thicknesses 1.5 um, 3 um and 4 um. Room temperature photolumines-
cence results showed that the PL emission increases linearly with increasing the epilayer
thickness from 40 a.u to 125 a.u. The FWHM of free exciton emission decreased from 32
meV to ~ 27 meV as the layer thickness increased. The peak energies were also affected
slightly by increasing the AIN epilayer thickness. The peak energy shifted from 5.975eV to ~
5.99%V.

Additionally, the epitaxial layer thickness effect on the electrical properties of Ti/n-
Al 33Gags7As Schottky barrier diodes was investigated in the temperature range of 300-420

K [6]. Comparing the current—voltage (I-V) characteristics of two samples with epitaxial lay-
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er thicknesses of 2 pm and 1.5 um showed that the device with the thinner epitaxial layer has
a higher barrier height and thus a lower reverse current. Specifically, they found that increas-
ing the Alg33Gags;As thickness leads to a reduction of the barrier height by ~12% at 300 K.
This degradation of the electrical quality was associated with the presence of deep level traps
in the AlGa; xAs: Si layer.

Lastly, Almosni [7] has investigated the effect of epilayer thickness of 100 nm and 1 um on
the structural properties of GaAsy1PogsNoo1 Samples grown at high growth temperature
(480°C) by performing XRD [7]. An XRD peak splitting in the thicker layer (Fig. 6.1) was
observed but not in the thinner sample. This indicates that phase separation has occurred in
the thick layer. This was tentatively attributed to the higher growth temperature than normally
used for these materials. However, it is still unclear the origin and the cause of this separation
(e.g. spinodal decomposition of the metastable alloy is sometimes considered as reason for
this), but a number of studies have demonstrated that phase separation was not present in the
high efficiency solar cells based on dilute nitrides as well as in samples grown at low growth
temperatures [7, 8, 9]. This peak splitting corresponds to a difference of 0.0012 nm of lattice
parameter or a 0.13% difference in the nitrogen incorporation which was not observed in the
thinner sample. This composition variation is assumed to be only due to an inhomogeneous

distribution of the nitrogen content in the layer.
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Fig. 6.1. XRD diagram performed for a 1 um thick GaAsy1Pog9Noo1 layer grown on GaP
substrate [7].
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The reciprocal space mapping around the (224) reflection reported in [7] shows no evidence
of any stress relaxation. In addition, no difference in surface morphology has been reported
between the 1 pm and the 100 nm layer [7].

This work investigates the effect of the thickness on the optical properties of GaAsy 1Po.g9No.01
epilayer (100nm and 1pum) grown by MBE on (100) GaP substrates using PL technique. The
PL technique is performed also to study the effect of RTA on the optical properties of the
thicker GaAsy1PosggNoo1 layer. Further details of the samples used in this study and their

preparation are given in Chapter 3.

6.2 SAMPLE DETAILS

The layer structure of the two samples investigated in this chapter are shown in Fig. 6.2.

GaP (10 nm)
GaAs 1P 5sNo.01 GaP (10 nm)
(1pum) GaAsy 1P, ssNo oy (100 nm)|
GaP (100) substrate GaP (100) substrate

Fig. 6.2. Schematic diagram of GaAsg 1Pog9No.o1 dilute nitride with two epilayer thicknesses
(@) 1um (b) 100 nm.

6.3 EFFECT OF EPILAYER THICKNESS ON THE OPTICAL

PROPERTIES OF GaAs1Po.s9Noo1.

The first study in this section is to report the effect of increasing the GaAsy 1Po.s9No.o1 epilayer

thickness from 100 nm to 1pum on the PL intensity as shown in Fig. 6.3.
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Fig. 6.3. PL peak intensity vs PL peak energy of 1um and 100nm GaAsp 1Po.s9No o1 at 10 K.

It is clear that GaAsp1PogoNoo1 material with thicker epitaxial layer shows a higher
luminescence intensity at 10 K than the thinner epilayer (~ 1.3 times higher). This possibly
suggests that the 1 um sample has a larger generation-recombination (GR) centres density

than the 100 nm layer [10]. This finding supports the argument that the GR centres density
might be strain related [10].

It was reported previously [10-11] that the investigation of the PL spectra at 300 K (room
temperature RT) showed that increasing the thickness of GaAsy1PogsNoo1 epilayer leads to
two PL emission peaks at 1.73 eV and 1.84 eV. These two peaks seem to correlate with two
regions of absorption, the first located roughly between 1.5 eV and 1.7 eV and the other over
1.7 eV, which could be a consequence of phase separation [7]. This could explain the slight

broadening of the PL signal of the 1 um thick GaAsy 1Pos9Noo1 sSample as compared to the
100 nm thick sample PL emission (see Fig. 6.3).
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Fig. 6.4. Temperature dependence of the PL peak energy and FWHM for 1 um and 100 nm

of GaAso.1Po.s9No.01.

Fig. 6.4 shows the temperature dependence of the PL peak energy and full width at half
maximum (FWHM) of 1 um and 100 nm GaASy 1Pos9No o1 epilayers. From Fig. 6.4 it can be
seen that the bandgap energies of the thicker sample are higher than the thinner one
throughout the temperature range 10 K- 300 K. This is because of the well-known fact that
increasing the thickness of the layer leads to an increase of the absorption which helps to
enhance the bandgap energy. In other words, the thicker the layer the more GR centres are

created [12].

Moreover, in the low temperature range 10 K -140 K the FWHM values of the 100 nm thick
sample are smaller than the 1 pum sample, while above 140 K to 300K the FWHM values of
the 1 um sample are smaller than the 100 nm sample . These results indicate that the optical
efficiency of the thicker layer is better at high temperatures. However, the optically efficient

thinner layer favours the low temperatures.
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Fig. 6.5 shows the integrated PL intensity versus 1/T of 100 nm and 1 pm GaAsg 1Po.s9No.o1
epilayers and the Arrhenius fitting. The purpose of this investigation is to determine the PL

activation energies as discussed in detail in Chapter 4.

As can be seen in Fig. 6.5, there are two straight lines in both 100 nm and 1 um thick samples
corresponding to two activation energies, and hence these are related to two types of non-
radiative defects. Table 6.1 presents the values of E,; and Eg, as well as a; and a, for 100 nm

and 1 pm GaASy 1PosaNog o1 samples.
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Fig. 6.5. Integrated PL intensity versus 1/T of 100 nm and 1 um GaAsy1PogsNooiepilayers
and Arrhenius fitting.

Table 6.1 shows clearly that the values of the two activation energies increase with increasing
the epilayer thickness. The 100 nm GaAsy1Pog9Noo1 has activation energies equal to 17.2
meV and 65.8 meV with lifetimes ratios equal 21 and 7641, respectively. The activation ener-
gies and lifetimes ratios of the 1um sample are found to be 20.5 meV and 110 meV, and 7 and
16070, respectively. Both the lifetimes ratio oy and the activation energies Ey and E,, in-

crease, with increasing the thickness. However, a; decreases as the thickness increases. This
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could be related to experimental error. The observed enhancement in the activation energies
as well as the ratio ay with increasing the thickness could be related to the increase of the ab-

sorption in the thick layer.

Table 6.1: Arrhenius’s parameters obtained from the integrated PL peak intensity versus 1/T

results for as-grown 100 nm and 1 um GaASy 1Po.g9No o1 epilayers grown on GaP substrates.

Thickness E. E., o1 a3
(meV) | (meV)

100 nm 17.2 65.8 21 7641

1 pm 20.5 110 7 16070

Thus, all the above results show that increasing the thickness of the epilayer of dilute
GaAs) 1PogoNoo1 material from 100 nm to 1 pum leads to an enhancement of the optical
properties in terms of enhancing the PL intensity and activation energy, except the FWHM in
the temperature range 10 - 140K. In addition, the bandgap shifts towards higher energy with
increasing the thickness (from 1.8 eV to ~1.95 eV). This makes thick GaAsy 1Po.s9oNo.o1

epilayers not suitable for solar-cells based materials grown on Si substrate.

6.4 EFFECT OF RAPID THERMAL ANNEALING ON THE 1 pm

GaAs;.1Po.89No.01.

It is very important to study the effect of the RTA process on the thicker sample as has been
done for a thinner sample in chapter 5 in order to understand the parameters that affect the
optical properties. RTA could help improving the optical properties of thick GaAsy 1Po.s9No.o
epilayers by annihilating defects.

Fig. 6.6 (a) and (b) illustrate the PL peak intensity for all temperatures before and after RTA

for the 1 um GaAsy 1Pos9No01 Sample. It can be observed that annealing at 800°C leads to an
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increase in the PL intensity by a factor of 2.4 at 10 K. This is also confirmed in Fig. 6.7

which presents the PL signals at 10K for as-grown and annealed samples.

The observed enhancement in the PL intensity could be due to the fact that RTA helps reduce
the density of the defects [13, 14, 15]. Moreover, it is clear from Fig. 6.7 that the energy of
the GaAsy 1Pog9Noo1 shifts to a higher value after annealing (from 1.95 eV to 2.1 eV). This
strong blue-shift is a common behaviour in I11-V-N dilute nitride after RTA treatment. In
GaAso.1Po.s9No.o1 material, this shift after annealing could be attributed to the modification of
N clusters [3-16] as well as the removal of point defects. The reduction of the localized states
radiative defects, which could also explain the blue shift, and leads to an increase in the

recombinations and thus enhances the energy bandgap.
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Fig. 6.6. Photon energy vs PL intensity spectra from 10 K to 300 K (a) as-grown and (b)
annealed of GaAsy 1Po.gsNo o1 with epilayer thickness of 1 pum.
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Fig. 6.7. PL spectra at 10 K of 1um GaASg 1PossNoo1/GaP heterostructures before and after

RTA.

In 11-V-N dilute nitrides it is very significant to plot the temperature dependence of the PL
peak energy before and after RTA in order to study the effect of localization on the bandgap.
Fig. 6.8 shows the temperature dependence of the PL peak energy of the lum
GaAsy.1Po.g9No.01 before and after the rapid thermal annealing process. It is observed from Fig.
6.8 that the as-grown GaAso.1Po.g9No.o1 bandgap energy has an S-shape (up-down-up) over the
temperature range 10K- 300K. This means that the sample has been affected by the localized
states phenomenon which is reported for a number of dilute nitrides materials. This
phenomenon mainly happens due to the nitrogen incorporation and its effect on the
conduction band of the materials as explained in Chapter 2 [17]. Furthermore, this S-shape is
also observed in the annealed samples. This confirms that N incorporation has a strong effect
on this sample as RTA has not led to a reduction or elimination of the S-shape as it is

reported for other I11-V-N dilute nitride semiconductors [18].
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before and after RTA.

In terms of the temperature dependence of the FWHM of as-grown and annealed

GaAs).1Po.s9Noo1, it can be noted from Fig. 6.9 that the RTA treatment improved significantly

the FWHM by narrowing its values throughout the temperature range 10 K-300 K. This

reduction in the FWHM is indicative of a reduction of the point and radiative defects after

RTA.
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Fig. 6.9. FWHM lines of 1 um GaAsy1Po.s9No o1 epilayers before and after RTA and inset for
FWHM up to =150 K.
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For a further understanding of the RTA effect on the optical properties, the PL integrated
intensity as a function of temperature is plotted in Fig. 6.10. In addition, the Arrhenius fitting
is performed to calculate the activation energies as well as the ratio between radiative lifetime
and non-radiative escape time. Annealing leads to an enhancement of the integrated PL
intensity by a factor ~2. This is could be related to the fact that thermal annealing treatment
of GaAsy.1Po.g9Noo1 alloy reduces the non-radiative defects such as Asg, antisites and Ga; self-
interstitials [19]. Table 6.2 summarises the values of the activation energy and the lifetimes
ratio before and after the annealing process. The activation energies E,; and E,; for as-grown
and annealed GaAsy 1PogoNoo1 alloy are found to be 20.5 eV and 110 eV, and 21.5 eV and
1245 eV, respectively. This indicates that annealing leads to an enhancement of the
activation energies which could be due to a reduction of N related defects that are not known
up to the present [13]. Moreover, the lifetimes ratio also increased by RTA from 7 and 16070
to 10 and 39795, respectively as shown in Table 6.2. Therefore, annealing helps to improve

the optical quality of the sample.
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Fig. 6.10. Integrated PL intensity versus 1/T before and after RTA annealing of 1 pum
GaAS(),lPo,ggNo_()l epilayers.
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Table 6.2: Arrhenius’s parameters obtained from the integrated PL peak intensity versus 1/T

results for as-grown and annealed 1um GaAsy 1PossNoo1 epilayers grown on GaP substrate.

Ea Ea o1 o
Sample meV meV
as-grown 20.5 110 7 16070
GaAso.1Po.9No.o1
annealed 215 1245 10 39795
GaAso.1Po.9Noo1

It is worth comparing the activation energies of the annealed GaAsy 1Po.s9No.01 Samples having

100 nm and 1um thickness. As can be seen in Table 6.3, the thicker layer has higher values of

the activation energies E,; (21.5 eV) and E,, (124.5 eV) as compared to the thinner sample

(Ea1 =21.1eV and E, - 78.5eV). This could be assigned to the reported fact that the thicker

layer has large non-radiative centres density than the thinner one [7].

The lifetimes ratios decrease upon annealing from 28.5 and 51949 to 10 and 39795,

respectively. This unexpected behaviour of reduced lifetimes ratio of the thicker sample after

RTA might be related to experimental error.

Table 6.3: Arrhenius’s parameters obtained from the integrated PL peak intensity versus 1/T

results for annealed 100nm and 1000nm GaAs.1Po.s9No.01 epilayers grown on GaP substrates.

Eal Ea ay a3
Sample Thickness meV meV
annealed 100nm 21.1 78.5 28.5 51949
GaAsy.1Po.9No .01
annealed Ium 21.5 124.5 10 39795
GaAsy.1Po.9No .01
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6.5 SUMMERY

Photoluminescence (PL) measurements were performed to investigate the effect of the
thickness of the epitaxial layer (100nm and 1um) on the optical properties of quaternary
GaAsy.1PosoNoo1 alloys. Furthermore, PL was used to study the effect of rapid thermal
annealing on the thicker layer.

It was observed that increasing the epilayer thickness leads to an enhancement of the PL
intensity as well as the energy bandgap which was shifted to higher energy (from 1.8eV in
100nm to 1.95eV in 1um layer). This bandgap energy is not ideal for solar-cells based
materials grown on Si substrate. The enhancement in the PL intensity and bandgap energy
was explained by the fact that the thicker layer has larger generation-recombination (GR)
centres density. This also confirmed by the smaller FWHM values in the temperature range
of 150- 300 K for 1 um GaAsy 1Pog9No.01 material as compared to the thinner sample.

The 1 pm GaAso1PossNoos RTA heat treated samples exhibited an increase in their PL
intensities as compared to the as-grown layers. The main reason for the improvement in the
PL intensity was related to the fact that RTA caused a reduction in the density of defects.
Moreover, the blue shift, which was observed after RTA treatment, was assigned with an
increase of the recombination processes resulting from a decrease of the point defects and
localized states radiative defects. An S-shape was observed for both as-grown and annealed 1
pm thick GaAsy 1Po.soNo o1 Samples. This is due to the effect of localization which is caused
by N incorporation in GaAsy 1Po.s9No o1 Semiconductors. Furthermore, narrower FWHM from
10K to 300K and larger activation energies were obtained after RTA due to a reduction in the

density of defects.
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CHAPTER 7: INVESTIGATION OF THE EFFECT OF
RAPID THERMAL ANNEALING ON THE
ELECTRICALLY ACTIVE DEFECTS IN GaAsPN P-1-N
SOLAR CELLS USING DEEP LEVEL TRANSIENT
SPECTROSCOPY TECHNIQUE

This Chapter presents a detailed study of the effect of rapid thermal annealing (RTA) on the
electrical properties of GaAsPN solar cell structures gown by molecular beam epitaxy (MBE)
using Current - Voltage (I-V), Capacitance - Voltage (C-V), conventional Deep Level
Transient Spectroscopy (DLTS) and Laplace DLTS measurements in the temperature range

from 10 K to 450 K.

7.1 INTRODUCTION

Recently, 111-V-N (dilute nitrides) materials classify as a new class of semiconductors due to
their unusual and fascinating new physical properties that are rarely seen in other
conventional alloys as well as their intriguing potentials for device applications [1]. For
example, the band gap energy of I11-V semiconductors can be tuned by changing the nitrogen
content. Dilute nitride semiconductors can be grown by incorporating small amounts of
nitrogen (1-4%) into the 111-V host lattice to form a ternary compound (I11-V-N). In addition,
for example by adding As into GaPN quaternary (GaAsPN) alloys can be fabricated [2].
These materials which can be grown by molecular beam epitaxy (MBE) and metalorganic
vapor phase epitaxy (MOVPE) are very attractive for light emitting and light absorbing
devices [3,4,5]. These materials have highly desirable optical properties and crystal structure
for lattice matching to common substrate such as Si [2] and GaP [6] substrates. For instance,
the band gap energy of GaAsPN alloy with 6% nitrogen composition is 1.8 eV which is ideal

for efficient GaAsPN/Si tandem solar cells [7]. With the absence of a window layer and non-
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optimum band gap, a conversion of 7.9% was achieved for GaPN- based solar cells on GaP
substrates with N =1.8% (E;=2.05eV for GaPggs2No.018). Most researches on 111-V-N alloys
including GaAsPN depend on low nitrogen composition less than 3% because of low
solubility of nitrogen in I11-VV compounds at thermodynamic equilibrium [8]. Theoretically,
by adding Al, As, In or Sb and controlling N content in the layer lattice-matched GaAsPN
alloys having bandgap around 1.8 eV can be fabricated allowing the current matching with
the Si-cell [9]. However, dilute I11-V nitride layers with high N content are known to have
poor structural quality due to the low solubility of N in GaP. However, structural

optimization has been demonstrated through annealing processes [10].

The crystal defects especially misfit dislocations, generated in the matrix during metamorphic
growth is responsible of carriers’ lifetime shortening and thus the reduction of the current
extraction. These effects affect the efficiency of multi-junctions solar cells. However, post
growth annealing process [11-12] has been used to reduce and remove these generated
defects. Therefore, the optimization of the dilute nitride material growth and annealing

conditions are key points for improving their photoelectric properties [13,14,15].

In this chapter, a detailed investigation is carried out on the electrically active defects in as-
grown and annealed GaAsPN solar cell structures. The devices investigated are p-i-n based
solar cells. This study will help to get a better understanding of the physical phenomena that
affect the efficiency of the above solar cell structures using current-voltage (I-V),
capacitance-voltage (C-V), conventional DLTS and Laplace DLTS characterisation

techniques.

7.2 SAMPLE DETAILS

In this study, p-i-n GaAsPN based solar cells were grown by molecular beam epitaxy (MBE).
The epitaxial growth sequence is illustrated in Fig. 7.1, and consisted of 500 nm thick n* GaP

(n=1x1018 cm'3) buffer layer on 400 um of (001) GaP substrate, followed by deposition of
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300 nm p-type GaAsPN (p= 1x10'" cm™) layer. A further 30 nm p* GaP (p=1x10"® cm™)

layer was deposited.

77
[

A Pd/Au/Zn
P-GaP (30 nm)
p=1x10¥cm=

n-GaP (500 nm) buffer n=
1x1018 ¢m3
n-GaP(001) (400 pm) substrat n=
1x10'%¢cm3

Ni/Au/Ge

Fig. 7.1. Schematic diagram of the PIN solar cell structures.

Si and Zn are used as the n-type and p-type dopant for the n* and p** epitaxial layers,
respectively. Nitrogen was incorporated 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/I11 beam equivalent pressure (BEP) ratio has been set at 14. In order to obtain
a GaAsPN compound lattice matched to the GaP substrate, the As flux has been set at 0.2
uTorr. After growth, the samples were annealed by using a JetFirst (Jipelec) rapid thermal
annealer at 800°C for 5 mins under forming gas (mixture of N, and H) ambient in a rapid

thermal annealing (RTA) system, and the ramp-up temperature used is 100°C/s.

Pd/Au/Zn and Ni/Au/Ge metallisation was performed to the front and back of the solar cell
structures, respectively, to form Ohmic contacts [5-16]. The metallic contacts have been
deposited using an electron gun and a joule evaporator with a pre-deposition residual pressure
below 10° Torr. The front contact mesa is composed by a 2.5x0.5 mm? bus bar linked with
2.5x0.005mm? fingers spaced each 300 um. The solar cells area is 2.5x3 mm?. The cells area
has been defined using a HCI 40:H,0, 2: H,O 1 mesa-etch during 1 min.
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7.3 RESULTS AND DISCUSSION

I-V, C-V, DLTS and Laplace DLTS techniques were performed in order to investigate the
effect of RTA on the electrical properties of p-i-n GaAsPN based solar cells described in Fig.

9.1.

7.3.1 INVESTIGATION OF THE RTA EFFECT ON THE CURRENT (1) - VOLTAGE
(V) CHARACTERISTICS OF P-1-N GaAsPN SOLAR CELLS

The 1-V measurements were performed at room temperature for as-grown and annealed
samples as shown in Fig. 7.2. It can be seen that the reverse current is reduced considerably
when the sample is annealed. The leakage current of the annealed p-i-n solar cells is one to
two orders of magnitude lower than the as-grown sample. The lower reverse current observed
in the annealed cell indicates that there is a reduction of the concentration of the defects

which act as generation recombination centers [17].

0.01

® as-grown
1E-3 | « annealed

Current, A

0.0000
1E-9 0.0 0.5 1.0 1.5 2.0
Vaoltage (V) .

1 L
-4 -3 -2 -1 0 1 2

Voltage, V

Fig.7.2. I-V characteristics of p-i-n GaAsPN based solar cell at room temperature.
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The annealing process decreases the concentration of major defects and consequently
contributes to the decrease of the leakage current [18]. Similar observation has been reported

by Xie et al [19].

The thermal annealing process is therefore an efficient way to improve the electrical
properties of these devices. This improvement could be attributed to a decrease in the defects
concentration and /or their transformation. This effect will be investigated further using
DLTS measurements as described below. In addition, the turn on voltage (Von) increases
when the samples are annealed. Vo, is 0.7 V and 0.9 V for as-grown samples and annealed
samples, respectively. This behavior can be attributed to the increase of the excess

capacitance due to the interface states [20].

The p-i-n junction current—voltage (I-V) characteristics can be described by the thermionic
emission (TE) model with a series resistance (Rs) as given previously by equation (3.6) [21-
22]. Additionally, the expression of the saturation current I, is given by equation (3.5).
Furthermore, the barrier height (¢g) can be determined also from equation (3.5). A is the
effective diode area and 4**= 98.2 Acm™?K is the effective Richardson’s constant for n-GaP

[23]. The ideality factor (n) can be calculated using equations (3.8) and (3.10).

The semi-logarithmic 1-V characteristics of the p-i-n solar cells at room temperature are
illustrated in Fig. 7.2. Fig. 7.3 (a) shows the temperature dependence of the ideality factor
calculated from the semi-logarithmic 1-V curves for as-grown and annealed samples over the

temperature range 110 - 440K.

For all samples, it is evident that the ideality factor (n) increases with decreasing temperature.
Similar trends have been reported by other researchers [24-25]. This is due to the current
transport across the p-i-n interface which is temperature activated process [26-27]. For all

samples in the temperature range 300K - 440K, the values of ideality factor are greater than
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unity and close to 2 whichis the ideal factor of diode for solar cell. This behavior can be
attributed to the generation-recombination mechanism, interface states, the series resistance
and barrier height in- homogeneities [28]. However, the annealed samples have low ideality
factor values compared with the as-grown samples indicating that the annealed samples are
nearer to ideal diode for solar cells than the as-grown devices. For all samples, the higher
values of ideality factor at low temperatures are caused by the presence of thermionic field
emission, which contribute to the pure thermionic emission [29]. This phenomenon of the
increase of the ideality factor with decreasing temperature is known as the T, effect [30]. The

ideality factor is inversely proportional with temperature as given by:

T,
o
n(T) =n, +— (7.1)
T
where here n, and T, are constants.
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Fig. 7.3. (a) ldeality factor (n), (b) barrier height (¢5) and (c) series resistance (R,) were
calculated from forward I-V curves for as- grown and annealed samples.
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Fig. 7.4 shows that the ideality factor is temperature dependent. The calculated values of n,
and T, for as-grown and annealed samples are 0.5 and 625 K and 0.25 and 366 K,
respectively. The higher values of n, and T, of the as-grown samples indicate that the
annealed samples deviate less from the thermionic emission model than the as-grown samples

[31].

. | [»as-grown
+ annealed

Ideality Factor n(T)

10 12

Temperature ( - )

Fig. 7.4. Experimental n(T) versus % plot of as- grown and annealed GaAsPN solar cells.

The values of the barrier height (¢) calculated from the I-V characteristics of our p-i-n
GaAsPN based solar cell materials are shown in Fig. 7.3 (b). The barrier height increases
with increasing temperature. This temperature dependence of the barrier height is due to the

effect of barrier in-homogeneities at the p-i-n interface [32].

Fig. 7.5 illustrates a linear relation between the barrier height ¢, and ideality factor. As can be
seen from Fig. 7.5, the lower ideality factor the higher the barrier height. This behavior can
be explained by in-homogeneities of the barrier height which arise from different factors such

as the surface defect density, the deposition process and surface cleaning [33-34].
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Fig. 7.5. The barrier height (¢,) values versus ideality factor (n) for p-i-n GaAsPN solar cells

before and after RTA.

The relation between barrier height ¢, and ideality factor n for as-grown samples exhibit high
values than the annealed structures. Therefore, it can be concluded that the annealing act as
important process for improving the electrical properties, and this can be attributed to several
factors such as the lateral inhomogeneity along the barrier height, interfacial GaAsPN layer,

grain boundaries and non-uniformly distributed dislocations (interfacial changes) [34,35, 36].

The effect of series resistance on the electrical characteristics of GaAsPN solar cell structure
in the temperature range 110 K — 440 K is shown in Fig. 7.3 (c). The series resistance plays
an important role in p-i-n solar cell devices. At low forward bias voltage, the semi-
logarithmic |-V characteristics are linear and deviate significantly from linearity at high
voltages. This behavior is attributed to the effect of series resistance (Rs) which is due to the
interface states and the interfacial insulator layer when the applied voltage is large enough

[37]. The lower values of (Rs) of the annealed samples as compared with the as-grown
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sample at all temperatures indicate that the annealing process lowers the interfaces states

density [38].

7.3.2 INVESTIGATION OF THE RTA EFFECT ON THE CAPACITANCE (C) -
VOLTAGE (V) CHARACTERISTICS OF P-1-N GaAsPN SOLAR CELLS

Fig. 7.6 (a) presents the Capacitance -Voltage (C-V) characteristics of as-grown and annealed
samples which will be used to determine the net acceptor concentration in the p"GaAsPN
layer. The plot of 1/C? vs V in Fig. 7.6 (b) is a straight line for both diodes indicating that the

doping is uniform throughout the measured region of p"GaAsPN layer.
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Fig. 7.6. (a) Plot of C-V characteristics and (b) 1/C2 vs V plots for as-grown and annealed
GaAsPN based solar cells at room temperature (RT).

The net acceptor concentration was calculated to be 1.18 x10*® cm™ and 2.11x10" cm™ for
the as-grown and annealed GaAsPN absorber layers, respectively. The annealed layer
exhibits higher value of free carrier concentration as compared with the as-grown layer. This
increase in the net acceptor concentration could be attributed to a de-passivation of acceptors

during thermal annealing [19].
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7.3.3DLTS AND LAPLACE DLTS CHARACTERISTICS

The DLTS measurements were performed to elaborate further on the role of rapid thermal
annealing on the electrically active defects in p-i-n GaAsPN based solar cells. The DLTS
spectra in the region close to the interface of the p-i-n junction are obtained by applying a
small reverse bias of V., = -1V, a rate window of 200 Hz, a filling pulse ¥, = 0 V' and filling
pulse duration t, = 1 msec. The depletion width extends from 0.2 pm from equilibrium
condition (0 V) to 0.63 um at reverse bias Vz = —1V. For clarity Fig. 7.7 displays the peaks

detected in the temperature range 150 K-450 K.
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Fig. 7.7. DLTS spectra of GaAsPN based solar cells using a reverse bias of -1V, a rate
window of 200Hz, a filling pulse V=0V and filling pulse duration is t,=1msec before and
after RTA.

It can be seen from Fig. 7.7 that the annealed and as-grown samples exhibit three and two
hole traps labeled as H1a.n, H24n and H3,,, and H4,g and H5,, respectively. These are related
to hole emitting defect states [39]. As also seen in Fig. 7.7, H4,5 and H1,, traps, which are
detected in the temperature range 150 K - 230 K could have the same nature. Similarly, H5,

and H3;, detected in the temperature range 320 K- 450 K could originate from the same
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defect. The H2,, peak detected in the temperature range 250 K- 300 K in the annealed

samples is absent in the as-grown samples.

High-resolution Laplace (DLTS) technique was used to analyze the DLTS peaks, which were

obtained from DLTS measurements. The emission rates of carriers are given by [40]:

[0n <Ven > Np AE
o= [ta2 0

where < V., > is the carrier average thermal velocity, N, effective carrier density, Kk is

Boltzmann constant and g is the trap degeneracy.

Arrhenius plot gives the activation energy of the corresponding deep level. Emission rate
signatures of each trap are plotted in Fig. 7.8. Assuming that the capture cross section oy, IS
temperature-independent, o, for each trap has also been calculated from the slope of the
respective Arrhenius plots. The values of activation energies, capture cross-section and

concentration of traps are given in Table 7.1.
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Fig. 7.8. Arrhenius plots of the peak data extracted from DLTS of as-grown and annealed
GaAsPN based solar cells.
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Shallow and deep traps were observed in the annealed and the as-grown samples in the
temperature range 150 K - 450 K. The H3, and H5,4 deep traps have activation energies of
0.23eV and 0.25eV, respectively. These values are close to nitrogen related hole trap with
activation energy of 0.22 eV that was reported by Abulfotuh et.al. in [41]. Both samples

exhibit shallow traps, namely H1,, (0.06 V), H2,, (0.065 eV) and H4.4 (0.07 eV).

Table 7.1. Summary of traps activation energies, capture cross-sections and concentrations

for as-grown and annealed PIN GaAsPN based solar cells.

Trap Activation Energy  Capture Cross- Trap
Label (eV) Section concentration
(cm?) (cm™)
Hla, (0.06 +0.01) 0.13x 104 2.4 x107
H2an (0.07 £0.03) 0.1x10% 0.9 x10%
H3an (0.23 +0.07) 0.4 x10% 3.5x 10"
Hd,g (0.07 +0.02) 0.18 x10# 2.7 x 10"
H5zg (0.25 + 0.05) 0.46 x10* 7.2x 10"

To the best of our knowledge, no deep level studies have been reported on MBE grown
GaAsPN/GaP. Therefore, our results can only be compared with those obtained for MBE
grown GaPN/GaP structures without As. It is worth pointing out that our layers contain a
very low As composition. In a previous study, Rumyantsev et al. [42] found two types of
deep levels in lattice mismatched GaPN/GaP heterostructures with activation energies and
capture cross-sections of (0.17eV, 0.08eV) and (5.5x10™ , 4.8 x10*®cm?). Incorporation of
As atoms into group V- sub-lattice compensates for elastic stresses emerging during epitaxial
growth of the nitrogen containing layer. Generally, the annealed sample exhibits traps with
activation energies lower than those in the as-grown layers. It is important to point out that
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the capture cross-section and the trap concentrations decrease when the samples are annealed.
In general, the concentration of traps increases with nitrogen content or any impurity
associated with it due to more defects created that behave as deep level centers [43]. It was
also demonstrated that the concentration of defects decreases with annealing temperature due

to the decrease of these traps in GaAsPN quaternary alloys [44-45].

7.4 SUMMERY

In summary, 1-V, C-V, DLTS and Laplace DLTS were used to investigate the effect of rapid
thermal annealing process on p-i-n GaAsPN based solar cells grown by solid source MBE.
Deep and shallow traps were detected in the annealed and as-grown samples. However, an
additional trap was generated after annealing. The improvement of the electrical properties of
p-i-n GaAsPN based solar cells with annealing process can be attributed to the decrease of
the concentration and /or capture cross-section values of major defects measured by DLTS

and Laplace DLTS.

Using thermionic theory, the calculated 1-V barrier height and ideality factor values showed
that the ideality factor increases and the barrier height decreases with decreasing temperature.
The observed correlation between barrier height and ideality factor values of the devices was

explained by the lateral inhomogeneity of barrier height in these structures.

Additionally, the annealed samples showed an ideality factor lower than the as-grown solar
cells and the barrier height increased after annealing process due to the effect of barrier in-
homogeneities at the p-i-n interface. Using C-V characteristics, the net acceptor trap

concentrations and turn on voltage were increased after rapid thermal annealing.

One can therefore conclude that rapid thermal annealing is an efficient treatment process to

improve the electrical properties of solar cells based devices.
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CHAPTER 8: CONCLUSION AND FUTURE WORK

This chapter summarises the research work carried out on the effect of rapid thermal anneal-
ing (RTA) on a variety of advanced semiconductor systems and devices based on (100) GaP
substrate, namely, GaP1xNyx alloys with different N concentrations, GaAso1PogsNoo1 and
Ino.07Gap.o3Po.99No .01 alloys. PL characterization technique was performed to investigate the
optical properties of these heterostructures. It also includes the research study that was done
on the effect of RTA on the electrical properties of GaAsPN p-i-n based solar cells material
by using I-V, C-V, DLTS, and Laplace DLTS characterization techniques. Moreover, this

chapter covers future work suggestions.

8.1 CONCLUSION

Gallium phosphide (GaP) has a good latticematted to silicon which makes it a very important
material in solar cells world. Furthermore, Gallium arsnied (GaAs) has a direct bandgap
which leads to huge usage of this material in semiconductore market. This thesis reports the
optical properties of as-grown dilute nitride semiconductors, namely GaPN, GaAsPN and
InGaPN grown by Molecular Beam Epitaxy (MBE) on (100) GaP substrates. The effects of
rapid thermal annealing (RTA) on their optical properties have also been investigated. In
addition, the electrical properties of as-grown p-i-n GaAsPN-based solar cells have been
studied. The electrically active defects (known as traps and deep-levels defects) present in the
as-grown photovoltaic devices were probed. The effects of post-thermal annealing on the
deep-level defects are reported. The properties of these traps are of paramount importance for
both the performance and reliability of these semiconductor devices. The principal objective
behind the assessment of deep levels is to provide feedback information to improve the
quality of the materials and understand the effect of deep states on the performance of

devices.
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Specifically, the work reported in this thesis deals with (i) the photoluminescence (PL)
properties of  ternary dilute GaPN epitaxial layers containing different nitrogen
concentrations, quaternary GaAsPN and InGaPN heterostructure alloys and quaternary
GaAsPN alloys with different epitaxial layer thicknesses, and (ii) the electrical properties of
p-i-n GaAsPN-based solar cells grown by MBE using current-voltage (I-V), capacitance-
voltage (C-V), deep level transient spectroscopy (DLTS), and Laplace DLTS measurements.

The results of this work show that incorporation of nitrogen (N) into GaP (GaP1.xNy) with
content X ranging from 1.4% to 2.7%, leads to high bandgap bowing and changes the nature
of the GaP bandgap from indirect to pseudo-direct for all compositions x. With increasing N
composition from 1.4% to 2.1% and 2.7%, the PL intensity degraded, and the PL peak energy
shifted to lower values. Additionally, it was found that incorporation of 10% arsenic
(GaAsPN) and 7% indium (InGaPN) into GaPg99Ng 01 affected the optical properties of these
quaternary considerably in terms of PL intensity and energy bandgap. For example, the
energy bandgap of GaPogyNoo1 decreased from 1.97 eV to 1.8 eV and 1.83 eV in
GaAS).1Po.s9No.o1 and Ingo7Gao 93Po.goNoo1, respectively. An important key for obtaining an
efficient solar cell is to minimize the heat losses due to the thermalization by choosing
semiconductors with appropriate band gaps. Thus, for solar cells, the most effective materials
for solar energy conversion have bandgap energies in the range of 1.0 to 1.8 eV. This is an
important result for potential commercial two-junction solar cells made from Si (1.12 eV)
substrates and GaAsy.1Po.soNoo1 (1.8 €V) not only because their energies cover the efficient
solar spectrum but also they are lattice matched. Lattice matching ensures perfect defect-free
heteroepitaxy, as it avoids dislocations formations, which are known to be centers for non-
radiative recombinations in 111-V semiconductors. Lattice mismatching reduces the overall
lifetime and efficiency of solar cells. Moreover, the PL intensities increased in both
GaAS).1Po.s9No.01 and Ingg7Gag93Po.9sNo.o1 alloys as compared to GaPgg9No ;. In addition, all

above materials have been annealed at 800°C for 5 minutes and it was observed that RTA
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significantly improved the optical properties of all as-grown bulk dilute nitrides structures by
(i) increasing the PL intensities of all samples; (ii) reducing the Full Width and Half
maximum (FWHM) of the PL spectra. However, the PL energy peaks are blue-shifted (higher
energy) in all samples after RTA. Epitaxial GaAsPN layers with small (100 nm) and large
(1000 nm) thicknesses were also grown and investigated using PL. It was found that the
thickness of the epilayer has profound effects on the PL spectra: as the epilayer thickness
increased, the PL intensity increased and the PL peak energy blue-shifted, which is an
undesirable effect for solar cell applications.

Current-Voltage (I-V), Capacitance-Voltage (C-V), Deep Level Transient Spectroscopy
(DLTS) and LDLTS techniques have been used to investigate the effect of RTA process on
the electrical properties of p-i-n GaAsPN-based solar cell devices grown on (001) GaP
substrates. RTA treatment was found to improve their electrical characteristics. The annealed
samples showed ideality factors lower than the as-grown samples for all temperatures. On the
other hand, the barrier height increases, and the ideality factor decreases with increasing
temperature for both as-grown and annealed samples. DLTS and Laplace-DLTS
measurements detected three hole traps in the annealed samples as compared with two hole
traps in the as-grown samples. After the RTA process, the concentration of the traps is
reduced, however, an extra shallow trap is created. In addition, the annealed samples have the

lowest leakage currents.

8.2 FUTURE WORK SUGGESTIONS

Proposals for future investigations according to the experimental results achieved in this the-

sis work are suggested in the following:

0] In order to further improve the optical and bandgap properties of GaPN alloys, it
would be more promising to investigate the effect of adding different ions such as

antimony Sb or bismuth Bi to GaPN alloys, as the use of antimony has been prov-

180



(i)

(iii)

(iv)

en to improve the optical properties in dilute nitride material such as GalnAsNSb.
Thus, this could also help to increase the optical efficiency of GaPN alloys.

For a further understanding of the effect of various thicknesses on GaAsPN alloys,
it would be interesting to fabricate GaAsPN with different epilayer thickness
(higher than 100 nm and less than 1 um), therefore, this could help obtain 1.8 eV
bandgap materials for solar cells based on Si with 1.1 eV.

In the case of annealed GaAsPN and InGaPN samples, it will be worth to carry
out a systematic study to investigate the effect of different annealing temperatures.
This could lead to a further reduction of the concentration of defects and/or anni-
hilate completely defects. Therefore the optical and structural properties of the
materials and devices will be improved.

For p-i-n GaAsPN solar cell structures, it is worth performing further studies on
the effect of gamma (y) irradiations. This type of irradiation indicated a great help
to decrease the trap concentrations in 111-V-N dilute nitrides. Therefore, this could

increase the conversion efficiency solar cells.
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