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ABSTRACT

COMPUTATIONAL MODELLING OF HIGHLY MIS-MATCHED
ALLOYS OF GaNAsP AND GaNAsBi AS A LASER GAIN
MATERIAL

UNSAL, Omer Liitfi
Ph.D. in Engineering Physics
Supervisor: Prof. Dr. Besire GONUL
April 2016, 108 pages

The aim of this thesis work is to model and investigate the electronic
band structure and current density of highly mismatched alloys of GaNAsP and
GaNAsBi. To reveal the importance of these highly mismatched alloys we provide
a comparison of GaNAsP and GaNAsBi with their nitrogen free N-counterpart.

The GaP-based dilute nitride direct bandgap material Ga(NAsP) is gaining
importance for the monolithic integration of laser diodes on Si microprocessors.
The major advantage of this newly proposed novel laser material system is the
small lattice mismatch between GaP and Si. However, from first gain measure-
ments it is found that Ga(NAsP)/GaP material system has high threshold cur-
rent at room temperature. Therefore, we present a comprehensive theoretical
analysis of band alignment and threshold current in dilute nitride direct bandgap
Ga(NAsP)/GaP/AlGaP QWs on silicon substrates using model calculations. The
comparison of our calculated results with that of the experimental data indicates
that the Auger effect involving CHCC process can be considered as the dominant
non-radiative loss mechanism at 300K.

It has just recently reported that highly mismatched semiconductor alloys
of GaAs;_,Bi, has also several novel electronic properties, including a rapid re-
duction in energy gap with increasing z and also a strong increase in spin-orbit-
splitting energy with increasing Bi composition. We, therefore to understand
the origins of the rapid reduction in energy gap and its consequences, study and
compare band gap and critical thickness of GaNAsBi. The results indicate that
GaNAsBi material can be used in optoelectronic applications in the long wave-
length region.

Key words: Highly mis-matched alloys, dilute nitrides, dilute bismides, band
anti-crossing model, differential gain, carrier and optical confinement, hydrostatic
pressure, transparency and threshold carrier concentration, threshold current den-
sity.



OZET

YUKSEK ORGU UYUMSUZ GaNAsP VE GaNAsBi
ALASIMLARININ LAZER KAZANG MALZEMESI OLARAK
BILGISAYARLI MODELLENMES]

UNSAL, Omer Liitf
Doktora Tezi, Fizik Miithendisligi Boliimi
Tez Yoneticisi: Prof. Dr. Begire GONUL
Nisan 2016, 108 sayfa

Bu tez caligmasinin amaci, yiliksek orgii uyumsuz alagimlardan GaNAsP
ve GaNAsBi'in modelleme ile elektronik bant yapilarini ve akim yogunluklarii
aragtirmaktir. Yiiksek orgii uyumsuz alagimlarin 6nemini ortaya ¢ikarmak igin
GaNAsP ve GaNAsBi ile N katkisiz muadillerini igeren kargilagtirmalarini sun-
maktayiz.

Bant yapist itibariyle dogrudan 1gima yapabilen GaP altlikli seyreltik nitrit
Ga(NAsP) lazer diyotlarimin, Si mikroiglemciler {izerine monolitik entegrasyonu
onem kazanmaya baglamigtir. Yeni Onerilmis bu lazer malzeme sisteminin en
biiyiik avantaji GaP ile silisyumun orgii sabitleri arasindaki uyumsuzlugun ¢ok az
olmasidir. Ancak yakin zamanda elde edilen dl¢iimler, Ga(NAsP)/GaP kuantum
kuyu lazerlerinin yiiksek esik akim yogunluguna sahip oldugunu gostermistir. Bu
davranigin sebeplerini irdelemek amaciyla, bizde model hesaplamalar ile dogrudan
1sima yapabilen Si altlikli seyreltik nitrit Ga(NAsP) lazer diyotlarin, egik akim
yogunluklarinin kapsamli bir analizini sunduk. Hesaplamalarimiz ile deneysel
sonuclariin kargilagtirilmasi, Auger CHCC mekanizmasinin 300K de baskin kayip
mekanizmasi oldugunu igaret etmektedir.

Yakin zamanda yapilan ol¢timler bir¢ok 6zgiin elektronik ozellik sergileyen,
yliksek orgii uyumsuz yariiletken alagimlarindan GaAs; ,Bi,in, artan z ile yasak
enerji araliginin hizla azaldigimi ve spin-yoriinge etkilesim enerjisininde giicli bir
sekilde arttigimi gostermistir. Bu nedenle GaNAsBi’'in yasak enerji araligindaki
hizli azaligin kaynagini ve sonuclarini anlamak ic¢in yasak enerji arahigi ve kri-
tik kalinhgi tlizerinde caligtik ve karsilagtirmalar yaptik. Elde edilen sonuglar
GaNAsBi malzeme sisteminin, optoelektronik uygulamalarda uzun dalga boyu
bolgesinde kullanilabilinir oldugunu gostermistir.

Anahtar kelimeler: Yiiksek orgii uyumsuz alagimlar, seyreltik nitritler, seyreltik
bismitler, anti bant gecis modeli, diferansiyel kazang, tasiyici ve optiksel hap-
solma, hidrostatik basing, gecgirgenlik ve esik akim tagiyici yogunluklari, egik akim
yogunlugu.
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CHAPTER 1

INTRODUCTION

In the span of last two decades, research into so called ”dilute nitride” opto-
electronic semiconductor material systems has produced much attraction, due to
the interesting physics and applications which includes a large bandgap bowing
and an increase in electron effective mass with only a few percent of incorporated
nitrogen. These in turn enable telecommunications wavelength lasers to be grown
and a potential for more efficient solar cells. Also acknowledging the fact that
silicon being as a low cost material for electronic circuit applications has led to a
desire to combine the advantages of optical data processing with the mature sili-
con microelectronics technology. This merging of technologies is essential to keep
up with the ever increasing need for bandwidth in optical inter- and intra-chip

connections.

More recently, GaP-based dilute nitrides drew attraction where additional
interesting phenomena and applications can also be explored. The GaP-based
dilute nitride direct bandgap material Ga(NAsP) is gaining importance for the
monolithic integration of laser diodes on Si microprocessors. The major advantage
of this newly proposed laser material system is the small lattice mismatch between
GaP and Si (less than 0.4% at room temperature) allowing the growth of GaP
on Si without dislocations. Recently, lasing operation at room temperature in
Ga(NAsP)/GaP quantum well (QW) laser has been demonstrated and the first
gain measurements emphasised that material properties of these novel Ga(NAsP)
material system were comparable to standard I1I/V material systems applied in
commercial laser diodes. However, the presence of large threshold current density
Jin, in these promising laser diodes on Si substrates needs to be better understood

in order to optimize and improve the device performance.

It is known that applied hydrostatic pressure changes the band structure of
semiconductor alloys qualitatively without changing the crystal symmetry. Since

the loss mechanisms in semiconductor lasers are strongly wavelength dependent,



hydrostatic pressure provides a convenient method to vary the band structure
of semiconductor lasers continuously. In this thesis we aim to present a the-
oretical investigation of the threshold current density of type-I direct bandgap
GaN,As;_,_,P,/GaP QW lasers on GaP and hence on Si substrates. By means of
using the reported pressure coefficients of bandgap of the constituent binary ma-
terials, pressure dependence of effective mass, optical confinement factor, trans-
parency and threshold carrier density, threshold gain, differential gain will be
calculated for idealized band models. These in turn allow us to determine Ra-
diative and Auger recombination processes which contribute to the threshold
current. It is known that Radiative and Auger recombination processes limit the
device performance. We believe that this detailed analysis would clarify some
unanswered questions concerning with the literature and foresee the superiority
or the weakness of the GaP-based dilute nitride direct bandgap material system
of Ga(NAsP)/GaP on GaP substrates. We expect that these model calculations
will lead to a valuable contribution to the related area in which the interest has
been growing up nowadays. To the best of our knowledge the present study is the
first that introduces a theoretical calculation of the pressure dependence of the
threshold current density of the quaternary GaN,As;_,_,P, well material with

GaP barriers on GaP and hence on Si substrates.

This thesis begins with the basics of semiconductor physics focusing on
semiconductor alloying and bandgap engineering. It is accepted that change in
bandgap can be explained by a linear interpolation of constituent semiconduc-
tors for most of the semiconductor alloys. Therefore we present Vegard’s law to
describe the variation of bandgap by alloying binary or ternary semiconductors.
We next provide a description of the highly mismatched alloys (HMAs) and its
anomalous properties with a discussion of isoelectronic impurities. We then focus
on the history of GaN,As;_,_,P, alloy which is one of the most notable and new
example of HMAs. Finally, we present the dramatic change of the electronic band
structure of As- and N-rich GaN,As,_,_, P, alloys which cannot be explained by
Vegard’s law but with band anti-crossing (BAC) model.

Chapter 3 presents the analysis of band structure and critical thickness of
GaN, As;_,_,P, QWs on Si substrates. Starting with the electronic band struc-
ture of GaN,As,_,_, P, alloy, concentration dependence of conduction band edge
energy levels and effective mass for N and P incorporation is theoretically inves-
tigated. Results indicate that the conduction band edge narrows with increasing
N concentration and decreasing P concentration. Thus, to obtain light in the
long wavelength region GaN,As;_,_,P,/GaP can be a suitable material system.

Variation in the effective mass due to N concentration brings improvement as



the electron effective mass approaches to a value that is comparable of hole’s.
Then, we introduce Model Solid Theory which enable us to investigate the band
alignment of the GaN,As,_,_,P, material system on GaP and AlGaP barriers.
Introducing N into host material system GaAsP, changed the band offset of the
GaN,As_,_,P, drastically. With increased N concentration, deeper conduc-
tion band offset values obtained. This translates into better confinement of free
charge carriers in the GaN As;_,_,P, QWs designed on GaP barriers. Low level
P concentration proved to be suitable since an increase in P concentration yields
decreased conduction band offset energy values. Finally, the phenomena of crit-
ical thickness is investigated for GaNAs and GaNAsP on Si substrates. Positive
effects of N is also seen in the critical thickness calculations. It is also illustrated
that the incorporation of N improves the strain value of GaN As;_,_,P, on GaP

substrates.

We have investigated Ga(NAsBi) material system in chapter 4 by means
of considering the effects of Bi incorporation on the electronic band structure
and critical thickness on GaAs substrates. Explaining the interaction between Bi
and GaNAs host material, valence band anti-crossing model is introduced. This
interaction causes valence band to split into two subbands, a similar phenom-
ena occurred in Ga(NAsP) which is between N and GaAsP conduction band. Bi
concentration dependence of valence band edge energy levels are investigated for
GaN,As;_,_,Bi, on GaAs substrates. Our theoretical calculation on the con-
centration dependence of GaN,As;_,_,Bi, QWs resulted in obtaining bandgap
energies corresponding to 1.33um and 1.55um. These calculated results for this
material system shows that GaN,As,_,_,Bi, is lattice-matched on GaAs sub-
strates with a ratio of y = 1.7z, and therefore possible strained induced growth

effects can be disregarded.

Chapter 5 introduces a theoretical investigation of optical confinement fac-
tor of Ga(NAsP) based quantum wells. We examine how the refractive index
of Ga(NAsP) material is affected by nitrogen and phosphide concentration and
the wavelength of incoming photon. A comparative study of optical confinement
factor of GaAsP and Ga(NAsP) wells is undertaken by means of considering the
refractive index differences between the well and that of barrier and cladding
layer. Refractive index calculations are performed by using Adachi’s model and

optical confinement factor is calculated by five-layer symmetric slab model.

The focus of chapter 6 is to investigate material gain properties of Ga(NAsP)
/GaP QWs by comparison with that of GaAsP/GaP material system. The

changes in the band structure, effective mass and optical confinement factor with



concentration dependence are quantified, and their effects on carrier and current
density analysed. It is found that the reduction in the threshold carrier density
can be achieved by incorporating Al into cladding layer. Both transparency and

threshold carrier density degrades with increased N and P concentration.

In the long wavelength region, laser material systems suffer heavily from
intrinsic loss mechanism which is due to Auger recombination mechanism. An
important parameter in determining the direct Auger rates is the minimum of
threshold energy that carriers must have to instigate the Auger process. We
present in chapter 7, a comprehensive theoretical analysis of threshold current
by employing hydrostatic pressure in dilute nitride Ga(NAsP)/GaP QWs using
model calculations. The pressure dependence of band structure, radiative and
non-radiative recombination rates, optical confinement factor, transparency- and
threshold-carrier densities are calculated in a range of 0-1 GPa at room temper-
ature. It is found that incorporation of N into GaAsP reduces the non-radiative
Auger recombination rates which brings an improvement in threshold current.
The comparison of our calculated results with that of the experimental data in-
dicates that the Auger effect involving CHCC process can be considered as the

dominant non-radiative loss mechanism at 300K.

Finally, a summary of the thesis work is provided in chapter 8.



CHAPTER 2

THEORY AND FUNDAMENTAL CONCEPTS / THE PHYSICS
BEHIND INCORPORATION OF NITROGEN INTO Ga(NAsP)

2.1 Introduction

The objective of this chapter is to supply necessary information on the fun-
damental theoretical background of this dissertation. For this purpose, we firstly
overview the bandgap engineering of semiconductor compounds. Secondly, we
introduce the III-N-V based highly mismatched alloys covering the basic defi-
nitions. Thirdly historical background of Ga(NAsP) alloy is covered. Finally,
we present GaN,As;_, and GaN,P;_, alloys and theoretical models which can
describe the novel properties of III-N-V based Ga(NAsP) HMAs.

2.2 Semiconductor Alloys and Bandgap Engineering

Currently, I1I-V semiconductor alloys are employed in electronic devices due
to the fact that the technology for these alloys have matured over the decades.
Therefore, usage of III-V semiconductor alloys as material basis for a number
of commercial applications, including high-electron-mobility and heterostructure
bipolar transistors, diode lasers, light-emitting diodes, photodetectors, electro-
optic modulators etc. is very common. In addition to the binary compounds,
more complex material compositions such as ternary and quaternary alloys allow

almost endless variety of material configurations to be designed.

The operating characteristics of optoelectronic devices are defined by the
physical properties of materials composition. Thus, engineering the material
composition one can achieve tailoring the materials properties like the electronic
structure or optical behaviour of semiconductor alloys which carries great signif-

1cance.



Figure 2.1 shows the lattice parameters, bandgaps and their corresponding
wavelengths for common elemental and binary semiconductors. Hexagonal and
cubic crystal structures are represented by hexagon and square symbols, respec-
tively. Lattice constants are determined by the magnitude of interatomic forces
in between the constituent atoms of material. Electrons that fill the outermost
shell of these atoms characterize the strength of chemical bonds and the value
of lattice parameter. Stronger the chemical bonds in between the constituent
atoms, smaller the lattice parameter thus a large bandgap enrgy is observed from

the material.
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Figure 2.1: Band gap versus lattice constant for some well known semiconductors.
The right-hand scale gives the light wavelength A corresponding to the bandgap
energy at 300K [1].

The lines on Figure 2.1 indicates ternary compounds which are alloys of
the constituent binaries labelled at their end-points. Direct and indirect bandgap
semiconductors materials are shown in plain and italic text, respectively. A direct
bandgap is more efficient than an indirect bandgap at emitting and absorbing
light, because direct bandgap transitions are between electrons and holes whereas

a phonon is needed to achieve these transitions in an indirect semiconductor.

Application of semiconductor materials corresponding to these binary and
ternary compounds and their alloys are shown in Figure 2.2. With the advance-
ment of semiconductor alloying technology, optical discs are born. Firstly, Com-

pact Disc(CD) which is composed of a ternary compound of AlGaAs, ranged



from infra-red to green depending on the proportion of the Al, were introduced.
Later, Digital Video Disk (DVD) was introduced which is a quaternary alloy of
AlGalnP. And recent years, Blu-Ray Discs (BRD) are the mainstream optical

storage of choice which is born from GaN semiconductor alloys.
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Figure 2.2: Parameter perspective: bandgaps and lattice parameters of selected
some semiconductors. The significant wavelengths corresponding to optical stor-
age (CD,DVD and Blu-Ray) and the 1.55 pum used for efficient data transmission
through fibers are labelled [2].

A semiconductor alloy is a combination of two or more elements. If an alloy
has two component than it is called a binary alloy, for one with three is a ternary
alloy, for one with four is a quaternary alloy. An alloy is formed from a physical
mixture of two or more substances, while a compound is formed from a chemical
reaction. For example, GaN is a compound consisting of Ga atoms bonded to N
atoms. However, GaN,As,_,_,P, is an alloy compound consisting of GaN,GaAs

and GaP with a mole fraction of x, (1-x-y) and y respectively.
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Figure 2.3: The crystal structures of a) zincblende b) rocksalt and c¢) wurtzite

structures. Larger and smaller spheres represent anions and cations, respectively.

Figure 2.3 illustrates the cubic (diamond and zincblende), rock salt (NaCl)
and hexagonal (wurtzite) structures which are represented by the hexagon and
square symbols in Figure 2.1. The diamond, zinc blende and wurtzite structures
are the three most common crystal structures of semiconductors. Zincblende
structure consists of two interpenetrating face-centred cubic (fcc) lattices offset
along the body diagonal by one quarter of the length of the diagonal. For binary
compounds, atoms A and B represent different elements (zinc blende structure)
and for elemental semiconductors atoms A and B represent the same element
(diamond structure). Wurtzite is similar to the zinc blende structure, both are
fourfold coordinated, except that the former has a hexagonal close-packed (hcp)
bravais lattice rather than fcc. In Rock-salt crystal structure, Figure 2.3(c), each
of the two atom types A and B forms a separate face-centered cubic lattice, with

the two lattices interpenetrating so as to form a 3D checkerboard pattern.

The bandgap of a semiconductor is dependent on the lattice parameter
and electron phonon interaction; therefore, the temperature dependence of the
bandgap is related to the thermal expansion of the lattice and the temperature
effects is related to the electron-phonon interaction. Traditionally, the change of
the band-gap energy due to temperature variation F, is expressed in terms of the

Varshni formula [3] as shown in Eqn. 2.1:

aT
T+

Ey(T) = E4(0) (2.1)

where E,(0) is the bandgap energy at 7' = 0 K, « is in electron-volts per Kelvin

and [ is closely related to the Debye temperature of the material (in Kelvin).



The bandgap change with alloying are generally linear or have a constant
curvature. This linear behaviour can be explained by Vegard’s law [4] which states
that the energy gap of a semiconductor alloy is calculated by a linear interpolation
of the energy gap of the constituent semiconductors. Linear interpolations are
suggested for the electron masses in X and L valleys, split-off hole mass, and
heavy-hole and light-hole masses along [001] direction. The lattice constants and
elastic moduli may be linearly interpolated. The energy gap can thus be expressed

for AB,C)_, alloy as a function of Ey4p) and Eyac) energy gaps respectively:

EQ(ABzCl_I)(x) = ng(AB) +(1- 5’5)E9(A0) (2.2)

where Ey4p) and Eyac) the bandgaps of the binary constituents AB and AC. For
some material parameters, however, energy gap calculations deviate largely from
the linear relation of Eqn. 2.2. In this case, semiconductor alloys can usually
be described by a quadratic polynomial in concentration x with the quadratic

coefficient being called the bowing coefficient. Such as;

Eg(ABZCI_x)(x) =By yp) + (1 — m)Eg(AC) —2(1 —2)CaB,ci_,)- (2.3)

The bandgap bowing coefficient C' describes the deviation from linearity and is
close to a constant for most alloys. For most I1I-V alloys bandgap is typically
smaller than the linear interpolation result and so C'is positive. Typically the

magnitude of C'is not dependent on the composition of the material.
Electronegativity

Ability of an atom to attract electrons towards itself in a covalent bond
[5] is called electronegativity and represented by the symbol y. Atomic weight
and the valance electrons are the deciding factors of an atom’s electronegativity.
Greater the related electronegativity value, the more an element or compound
attracts electrons towards itself. Metals are electropositive since they give out
their valance electrons when they bond. Non-metals are electronegative since

they take in valance electrons from other atoms when they bond.

Measuring electronegativity cannot be done directly and must be calculated
from properties of atoms or molecules. Electronegativity, as it is usually calcu-
lated, is not strictly an atomic property, but rather a property of an atom in a
molecule [6]. Several methods of calculation have been proposed using physi-
cal parameters including enthalpy data, ionisation energy and electron affinity,
effective nuclear charge and covalent radius etc., although there may be small

differences in the numerical values of the electronegativity, all methods show the



same periodic trends between elements. Due to the importance of Paulings scale
[6] where electronegativity ranges from Cs, x = 0.7 to F, x = 4.0, all the other
electronegativity scales are routinely normalised with respect to Paulings range.
Strong correlations between numerous atomic parameters, physical and chemical,
the term electronegativity integrates them into a single dimensionless number be-
tween 0.78 and 4.00 that can be used to predict much of an elements physical

character and chemical behaviour.

Element Electronegativty

C 2.55
B 2.04
Si 1.90
Ga 1.81
P 2.19
N 3.05
As 2.18

Table 2.1: Electronegativity values for dopant semiconductors [7].

2.3 Highly Mismatched Alloy

Typical semiconductor alloys are formed from elemental semiconductors
with similar atomic radii and electronegativity (e.g., AlGaAs, GaAsP). How-
ever, over the last decade, it has been well established that the isoelectronic
substitution of anions with very different ion size and/or electronegativity can
result in dramatic restructuring of the electronic bands of semiconductor al-
loys. Semiconductor alloys which exhibit this phenomena have been known
as highly mismatched alloys (HMAs) [8]. HMAs include a class of III-V and
II-VI compound semiconductors such as GaN,As;_,, GaN,P,_,, GaBi,As;_,,
GaSb,As,_,, ZnS,Te;_,, ZnTe,Se;_, and ZnO,Te;_,. Because of large misci-
bility gaps, typically HMAs consist of a host semiconductor matrix with the
substitution of only a small amount of distinctly different isovalent atoms. For

example, dilute III-V nitrides (up to ~ 10%) shows unusual effects such as

e localization of states near the conduction band minimum (CBM)
e giant bandgap bowing, and
e composition dependent bowing.
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This is in contrast to conventional semiconductor alloys such as GaAsP and Al-
GaAs whose physical, electronic, and optical properties can be deduced from a
linear interpolation between their corresponding end point compounds with only
a slight deviation, as predicted by Vegard’s Law. The properties of highly mis-
matched alloys (HMAs) deviate drastically from the predictions of Vegard’s Law.
The unusually strong dependence of the fundamental gap on the N content in
the group III-N-V alloys has been well described by the anti-crossing interaction
between localized N states and extended conduction band states of the III-V
matrix [8, 9, 10]. This model which can accurately describe the composition
and pressure dependencies of the fundamental bandgaps of HMAs is called Band
Anti-crossing (BAC) that will be provided in section 2.4.1.

Isoelectronic Impurities

Isovalent or isoelectronic impurities are known as the substitutional im-
purity which has the same valence as the substituted atoms in the host lattice.
Although they have the same valency, the impurity atom may differ from the host
atom in many other aspects, such as a different atom size and electronegativity
which results a dramatic restructuring of the electronic bands of semiconductor

alloys.

Element Covalent radius(A) Ionic radius(A)

Si 1.17 -
Ga 1.25 -
In 1.5 -
N 0.7 -
P 1.1 -
As 1.21 -
Al 1.25 -
O - 14
Ti - 0.745
Zn - 0.74

Table 2.2: The radii of elements based on their bonding type [11, 12].

The radii of commonly used elements in semiconductors material systems
are shown in Table 2.2. Measured radius of two atoms touching together when
put in a very close proximity is called the covalent radius. There are two defining

factors of ionic radii; ionization degree of an atom and the number of neighbouring
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atoms are the two characterizing factors of ionic radii. The length of an ionic
bond reflects a balance between the electrostatic Coulomb attraction of the unlike

charges and the mutual Born repulsion of the positively charged nuclei.

Table 2.3 presents the classification of the semiconductor alloys in three
categories according to the difference in the electronegativities between host and
substituted atoms (isovalent atoms). Isovalent/impurity atom creates a pertur-
bation to the host band structure. This perturbation is usually small, hybridizes
with the host states and remains unnoticeable. But if electronegativity, size and
ionization energy difference are big, these impurity atoms can act as a deep cen-
ter with a localized potential. For example, substituting In for Ga or P for As
in GaAs produces a very weak perturbation whereas substituting N for P in
GaP produces excitonic bound states. Isovalent impurities creating bound states
are generally referred to as isoelectronic impurities and impurities attractive to
electrons and holes are often termed as pseudo-acceptors or pseudo-donors, re-
spectively. Creating a highly localized center is attractive to one type of carrier
via a short-range potential. The trapped carrier can subsequently bind a carrier
of opposite charge via coulombic interaction. Therefore, an isoelectronic impurity

can bind excitons [13].

Highly Mismatched Alloys Electronegativity difference (eV)

1I-O-S 1.0
I1-O-Se 1.1
I1-O-Te 1.4
ITI-N-As 1.0
ITI-N-Sb 1.2
ITI-N-P 0.9
Moderately Mismatched Alloys Electronegativity difference (eV)
I1-S-Te 0.4
I1-Se-Te 0.3
Lightly Mismatched Alloys Electronegativity difference (eV)
I1-S-Se 0.1
I11-P-As 0.1

Table 2.3: FElectronegativity difference and mismatched classification for some

semiconductors [14].

The energy levels of dopant atoms are not sensitive to the positions of
conduction and valence band edges since the deep states have localized wave-

functions in real space which may involve Bloch functions from several bands
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over a large region of k-space. Thus it is not expected to shift significantly in
energy with a change in composition or pressure [10]. To calculate the energy
positions of these deep levels, one needs to know the defect potential and then
solve the corresponding Schrodinger equation. In many cases the exact functional
form of the localized potential is not very crucial; the deep centre wave-function
is predominantly determined by the host crystal rather than by the deep impu-
rity. The main difficulty of the problem lies in the second step, i.e., finding the
solution to the Schrodinger’s equation. In 1980, Hjalmarson et al. made the first
systematic theoretical investigation of this problem [15]. Employing a Koster-
Slater model for the localized potential, they established the eigenvalue equation

in a tight-binding-function basis.

2.4 History of Ga(NAsP) Alloys

The time and interest devoted to the research on Ga(NAsP) material sys-
tems have increased since the discovery of rapid bandgap reduction in GaNAs due
to incorporation of N dopants [23, 24, 25]. This discovery quickly escalated the
need of finding suitable substrate for GaNAs material system. With the incorpo-
ration of P into GaNAs not only provided a closer lattice match to GaP, but also
to Si, and broadened the variation range of the bandgap that can be engineered.
The emerging material system is Ga(NAsP) which is a promising application for

1.3-1.55 pm telecommunications devices[26].

Replacing of a small portion of the group V atoms in such as phosphide,
arsenide or antimony in I1I/V compound semiconductors by nitrogen creates
isoelectronic impurities, which form localized electronic states in the vicinity of
dopant atoms, i.e. at small N concentrations. Figure 2.4 illustrates schematics
of the positions for each energy level including GaAs, GaP and the localized N
levels. Effects of N incorporation can be seen as the formation of N-induced energy
states in GaNAs and GaNP. Event though both GaAs and GaP are zinc-blende
semiconductor materails, at the I' point of the Brillouin zone GaAs exhibits direct-
whereas GaP indirect-transitions. The localization of dopant N atoms occur in
the conduction band of GaAs, whereas in GaP these dopant atoms localize below
the conduction band minima. Although GaAs,;_,P, alloy can be formed over the
entire composition range y, for y > 0.45 [27] the bandgap becomes indirect. N
dopant level is localized in the conduction states of GaAs,_,P, for y < 0.35 and
for y > 0.35 then N dopant states localizes below the conduction band minima
(17, 28].
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Figure 2.4: Band diagram of GaAs:N and GaP:N showing the effects of N incor-
poration, namely isolectronic impurities in GaAs and GaP binary semiconductors
[10].

The potential which GaN As,_,_,P, would add into semiconductor tech-
nology was soon recognized and first steps were taken towards the realization of
this efficient optoelectronic devices. When crystal growth could only be achieved
by equilibrium methods in 1960s, diodes emitting green light were produced from
GaP materials doped with N atoms. Because, excitation of electrons into the
localized N states and then achieving radiative recombination of those excitons
which are bound to N dopants is very efficient [29]. This phenomena occurs due
to N dopants localizes below the conduction band minima of GaP and there-
fore these localized states serving as the new conduction band minima for the
radiative transitions. These localized N dopant states was discovered by the help
of photoluminescence spectroscopy [17, 30]. Shortly after, LEDs with emission
energies in the range of 1.8 - 2.2 eV, which covers from red to yellow colour spec-
trum range, was fabricated from GaAs;_,_,P,:N material [31]. Direct (y < 0.45)
and indirect (y > 0.45) stimulated emission of N dopant states from optically
pumped GaAs;_,P,:N material was reported for the concentration of P being
always around y = 0.45 [32, 33]. However in a similar experiment on N dopant

states of GaP:N material, stimulated emission and gain were not observed [34].

As shown in Figure 2.4 N dopant states lies (about 200 meV above of
conduction band minima) within the conduction band of GaAs. Additionally,
bandgap transition-wise GaAs exhibit direct bandgap in contrast to GaP’s in-
direct band gap. Therefore, there was no significant contribution from these
N dopant states as it is in the GaP [35]. As a result, GaAs materials doped
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with N atoms found place in optoelectronic application in later years. Doping
concentrations of N have to exceed for GaAs:N to exhibit new emission character-
istic for optoelectronic semiconductor applications. These doping concentrations
was achieved in the early 1990s by the use of advanced non-equilibrium growth
techniques; molecular beam epitaxy (MBE) and metalorganic vapour phase epi-
taxy (MOVPE) [25, 36]. It was demonstrated that increasing N concentration in
GaNAs results a huge bowing in the bandgap in contrast to N free amalgamation-
type III/V semiconductor allos i.e. AlGaAs, InGaAs or GaAsP [36, 37]. Incor-
poration of N into GaAs with accordance to Vegard’s law of linear interpolation,
one would expect blueshift since GaN having bandgap energy nearly 2 eV larger
than that of GaAs. However redshift was observed [38, 39]. This phenomena was
interpreted in terms of a repulsive interaction between conduction band minima
states of host material GaAs and localized N dopant states. A simple two level
model which is called band anti-crossing (BAC) model was successfully applied
to parametrise N concentration dependence of bandgap energies of N contain-
ing semiconductor materials z [9]. Soon after the successful growth reports of
GaN,As;_, was received with the observation of extensive material parameter
engineering by the incorporation of N, it was realized that the GaNAs and the
related GaInNAs material systems are providing unique applications in optoelec-
tronic devices [40]. Indeed, GaInNAs has now been demonstrated to be suitable
as the active material of vertical-cavity surface-emitting lasers and edge-emitting
lasers emitting at the wavelength region of 1.3 and 1.55 pm which is suitable for
signal transmission over long-distance through optical fibers [40, 41]. Using the
simple BAC model and its extension to a 10 band £ - p Hamiltonian, electronic
states of these material systems are calculated. These models describe well many
of the major features of new N doped class of semiconductor alloys, including
the low pressure coefficients of the bandgap energy, the optical gain spectra and
the fact that there is a N-induced increase of the electron effective mass [42, 43],
although the BAC model underestimates the experimentally observed increase in

effective mass across a wide range of GaNAs samples [44, 45].

Non-equilibrium techniques used for the growth of GaNAs were also suc-
cessfully applied to GaNP materials for increasing the incorporation percentage
of N atoms [46, 47]. GaN,P;_, LED structures containing up to 1% N doping
in the active region were soon fabricated [48, 49]. Since GaNP is a GaP based
material the question of it being suitable as an active material on Si (GaP and Si
has nearly-matched lattice constants) substrates for laser structure arose. Recent
results of modulation spectroscopy reveal that model calculation of band struc-

ture analysis of the transitions in GaNP does not change with N concentration.
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However, by increasing N concentration the I' character of transitions stays dis-
tributed over a large variety of energy gaps originating from the localized states

of N atoms in different spatial configurations [50].

2.4.1 Band Anti-crossing Model

Conduction Band Anti-crossing Model

Shan et al. [9] have shown that unusual behaviours of HMAs can be quite
well understood within a simple band anti-crossing (BAC) model. The model
explains the properties of HMAs, including the composition and pressure de-
pendence of the bandgap, the presence of a new high energy transition and a
nitrogen-induced enhancement of the electron effective mass. The BAC model
treats the interaction of the localized defect states and the extended states of
the conduction band in analogy to perturbation theory for a two-level system.
This interaction leads to a splitting of the matrix band into two characteristic
nonparabolic bands that are typically labeled £, and E_ for the high and low en-
ergy bands respectively. The resulting bands have mixed localized and delocalized

character from the interaction of the two types of states [51].
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Figure 2.5: Illustration in k-space of the band anticrossing effects on the nitrogen
level and GaAs conduction band [52].

The alloying of an HMA can be treated as an anti-crossing interaction if
it is assumed that the defect states are randomly distributed over the lattice,

replace the anion sites, and are weakly coupled to the host lattice. First for the
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case of the substitution of a more electronegative anion into the lattice results
in an energy level close to the conduction band. The eigenvalue problem for the

perturbed system can be written as:

VMD

Ep — E(k)

En(k) — E(K)

VMD

(2.4)

where Ej;(k) is the dispersion relation for the unperturbed host conduction band,
Ep is the defect energy level, E(k) is the dispersion relation of the perturbed
system that are all relative to the valence band edge (VBE). Eyp =< k|V|D >
is the matrix element describing the coupling between the localized defect states,
D, and the extended host matrix conduction band states. The matrix element,
Vb, can be simplified to Cyyyz!/? assuming that the defect states are randomly
distributed and their concentration is low enough so there is no appreciable defect
state wavefunction overlap. Cy/n is an empirically determined coupling constant
between the extended matrix states and the localized defect states and z is the

mole fraction of the defect. The solution to Eqn. 2.4 is then

Eu(k) + Ep + 1/ (Ex(k) — Bp)® + 42Clyy,
2

so the original system of a parabolic band and a localized defect level results in a

splitting into two highly non-parabolic bands, £, (k) and E_(k), that depend on
the composition, z. E_(k) becomes the new conduction band dispersion relation
of the alloy and defines the bandgap. Figure 2.5 shows the GaN,As;_, where the
defect level is resonant with the conduction band. As the alloying is increased,
the separation between E, (k) and E_(k) increases and the bandgap decreases as

can be seen in Figure 2.5.
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The composition dependence of the bandgap of GaN,As;_, according to
measurements and virtual crystal approximation and BAC model are shown in
Figure 2.6(a) and (b), respectively. As can be seen clearly the bandgap depen-
dence deviates significantly from the VCA prediction. Even the trend of the
change in the bandgap is reversed from the VCA dependence on the As-rich
side. While the VCA predicts a slight increase in the bandgap, it is observed
the bandgap energy dropping rapidly as a function of N concentration. If we use
Eqn. 2.3, in the As-rich side a huge bowing parameter (more than 14 eV) is
required to express this strong composition dependence by a quadratic polyno-
mial with z up to about 0.05, and would predict a negative bandgap for a large
range of compositions [14]. However, BAC fits show very good agreement with
the experimental data and provide a physical explanation for how alloying with a
highly dissimilar anion changes the band structure of the HMA (see Figure 2.6(b)
). The BAC has been calculated for the bandgap dependence on composition for
GaN,As;_, with Cyyy = 2.70eV and Ex = 1.65eV .

Behaviour of anti-crossing effect due to variation of N concentration and
temperature on the GaN,P;_, material system is shown in Figure 2.7. From the
obtained experimental results the coupling parameter C'yj; of GaNP is found to
be 2.76 eV which is very close to that of GaNAs, 2.70 eV. These close values of
coupling parameters indicate that their origin is similar, e.g. both extended and
localized states having comparable hybridization degree. From the temperature
measurements at 2K and RT, localized nitrogen energy level Ey is found to be
at 2.33 eV and 2.25, respectively.

3'2 I I | I ]
3 | 2K E+ | }
28 | 4 5 i
% &4  Ref. 54
52-6 - 1 261 e Ref.53 |7
= B Ref, 55
S24r (@ 1 241 o Ref.56 |7
5 2.2
- - - I - E— -t =
2L TS e 4 _
1.8 I I I I 1 . 5
Nitrogen Content (%) Nitrogen Content (%)

Figure 2.7: Concentration and temperature dependence of band anti-crossing
effect on GaNP. Fitting curves are calculated (solid lines) using Eqn. 2.5 and
parameters deduced in the Ref. [53] which provide very good agreement with the
experimental data (dots) [54, 55]. The E, and E_ positions expected from Ref.
[56] are shown by the dashed curves.
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Valence Band Anti-crossing Model

The complimentary case to the nitrogen defect in GaAs is the arsenic defect
in GaN. The more metallic and larger arsenic atom replaces the highly electroneg-
ative nitrogen anion. It has been reported that the doping of GaN with arsenic
results in a new emission band at about 2.65 eV [57] and the arsenic defect level
has been theoretically predicted to lie 0.4 eV above the valence band [58]. Figure
2.6 shows the experimentally determined bandgap for GaN,As; , (GaN-rich),
along with the bowing parameter determined for GaN,As;_, (GaAs-rich) and
the virtual crystal approximation [59]. As GaAs is alloyed with GaN there is a
discontinuous decrease in the bandgap as it shifts from 3.4 eV to about 2.6 eV,
where the arsenic defect level resides. The bandgap continues to decrease with
increasing arsenic concentration. Neither the bowing parameter nor the VCA fit

the experimental data.

The full treatment of this system considers the perturbation of the valence
band due to the presence of the metallic defects through £ - p formalism. The
approach is the same as the conduction band anti-crossing model, except that
a 6x6 matrix element is needed to describe the valence bands and the p-type
defect level. The metallic defects are p-type states with T, symmetry, which are
represented by a 6x6 matrix. The valence band Hamiltonian is constructed on

the basis of the six time-reversal symmetry invariant wavefunctions:

303) = 5l (260)
;%>:%|(X+ZY)¢—2ZT> (2.6b)
g , _71> _ % (X —iY) 1 422 1) (2.6¢)
35 )= Tl =) (2.64)
%%> _ %|(X+ZY)¢+Z o) (2.6e)
%‘71> :%K—X—HY)T—FZ ) (2.61)

Using the standard 6x6 Kohn-Luttinger k£ - p matrix describing the I'; and I'g
valence bands, the random distribution of impurities can be resolved through
configurationally averaging within the coherent potential approximation. The

6x6 valence band matrix is enhanced by the 6x6 defect matrix resulting in a
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12x12 matrix is given by: H, =

H a B 0 % —V2ip  Vz 0 0 0 0 0
o L 0 B 5 i 0 Vi 0 0 0 0
8 0 L —a f\/gm o 0 0 Ve 0 0 0
0 B —o*  H —/2ip —% 0 0 0 Vz 0 0
D ﬁla V2 S 0 0 0 0 0 Vz 0
V2ip* f\/gm* -D i 0 S 0 0 0 0 0 Va
Va 0 0 0 0 0  eq+ily 0 0 0 0 0
0 Vi 0 0 0 0 0  eq+ily 0 0 0 0
0 0 Ve 0 0 0 0  e+ily 0 0 0
0 0 0 Va 0 0 0 0 eq+ily 0 0
0 0 Va 0 0 0 0 eq + sol'y 0
0 0 0 Va 0 0 0 0 0 eq+soly
(2.7)
where
h2
H = ™ [(k?c + k;) (M +72) + k(- 2’72)] (2.8a)
hZ
L= o [(K2+E) (71— 72) + k2 (1 + 272)] (2.8b)
h2
o= \/gﬁ [ky (ky — iky) 5] (2.8¢)
V3 R .
f=—— [(kg — k:;) Yo — Qkak?y’}/g} (2.8d)
2 m,
D=L-H (2.8¢)
1
S:§(L+H)—A0 (2.8f)

and, 71, 72 and 73 are the Luttinger parameters of the host semiconductor and
Ay is the spin orbit splitting energy of the host semiconductor. Diagonalization
of the matrix yields the dispersion relations for the £ and and F, bands for
each of the original valence bands. Again, V can be simplified to Cyyyz'/? as for
the conduction band. Cy;yz'/? is the empirically determined coupling parame-
ter. Figure 2.6 shows the VBAC fitting for the bandgap change of GaN,As;_,
with Cyas = 1.60eV and E4, = 0.62¢V . The fit shows a good agreement with
the experimental data and provides a physical explanation for the discontinuous

bandgap change in GaN,As;_, [51].
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Figure 2.8: Measured bandgap of GaN,As;_, as a function of x and its compar-
ison with a) VCA [14] and b) VBAC model [51].

2.5

Summary

In this chapter, we reviewed different theoretical models and provided the

calculation methods for ITI-N-V material systems used throughout this thesis. We
also introduced some brief definitions which are necessary to understand topology

of the structures.
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CHAPTER 3

AN ANALYSIS OF BAND STRUCTURE AND CRITICAL
THICKNESS OF Ga(NAsP) QWS ON Si SUBSTRATES

3.1 Introduction

The never ending quest to find easy to manufacture, efficient and cost ef-
fective optoelectronic devices that would satisfy the need to be high performance
devices operating in the optical telecommunication wavelength range of 1.3 pm is
brought us to GaP based III-N-V material systems. GaP based GaAs,_,P, alloys
have found applications in optoelectronic devices for a long time, and as a result
the physical properties of theses alloys such as atomic structure, energy band
structure, and effective mass have been studied in great detail. However, lack of
suitable substrate leading GaAs;_,P, alloys to be grown on GaP substrates has
its shortcomings(deficiencies) such as lattice mismatch [60], matching refractive
index, and poor band structure configuration [61] which yield in decreased layer
thickness, poor carrier and optical confinement, and electron effective mass [62]
much lighter than that of holes. With the incorporation of nitrogen (N) into
GaAs,_, P, alloy, these physical properties have been changed significantly and
these major challenges are overcame. Arsenide (As) rich dilute nitride Ga(NAsP)
exhibits a type I direct band gap material lattice matched to GaP and hence Si
[63, 64] substrates.

The chapter is organized as follows; The optimum concentrations of the
material systems which yields a direct band gap required for laser applications is
presented in Section 3.2. The modelling of effective masses of GaN As;_,_, P, and
its comparison with that of the host matrix GaAs,;_,P, is also studied in Section
3.2. The concentration dependence of band structure and band alignment is given
in Section 3.3. Finally, the phenomena of critical thickness is investigated and
the results are given in Section 3.4. The theoretical models that have been used

throughout the calculations have been provided in each related section.
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3.2 Electronic Band Structure of Ga(NAsP) Alloy on Si Substrates

3.2.1 Conduction Band Edge Energy Levels

We use the simple band anti-crossing model (BAC) [9, 65] in order to ex-
ploit the concentration range for which one might expect a direct energy gap for
GaN,As;_,_,P,. The BAC model which yields reasonably good results with ex-
periments can be used as a predictive tool to describe the dilute-nitride-phosphide
materials in spite of the multiplicity of nitrogen levels [66, 67]. The model ex-
plains composition dependencies of the III-N-V semiconductors by conduction
band (CB) splitting which is due to N-induced perturbation and N concentration

enhances this splitting effect

The splitting is caused by N-induced perturbation and is enhanced with
increasing N concentration. The new conduction bands are denoted as F_ and
E., and the energy difference between them increases with N concentration. The
model allows us to calculate the fundamental band gap, £_, of GaN,As;_,_,P,/GaP

laser structures through the eigenvalue of

E—Euy —Vun

b (3.1)
~Vuy E—Ey

where E); and Ey are the energies of extended state and localized N-level rel-
ative to the top of valence band (VB), respectively. Vi, n is the matrix element

describing the coupling between N and conduction band states and taken as

Vun = Cunvz (3.2)

where z is the N concentration. Cjy is the coupling parameter determined by
the strength between localized and extended states and taken as 1.9 [66]. The

solution to this eigenvalue problem gives us the dispersion relation of

[ <EN + Bt/ (By — Ea)* + 4VJ@N) /2 (3.3)

The nitrogen level position Ey was determined by interpolation of isolated N
level in ternary composition end points of GaAs:N (Ey=1.67 eV) and GaP:N
(En=2.18 €V) [26]. The nitrogen dependence of the conduction band energy Ej,
of the matrix semiconductor is taken as Ey= Ej - 3.5z [26] where Ej is the bulk
band gap energy in the absence of nitrogen. For band structure of quaternary
alloy GaN,As,_,_,P,/GaP, the material parameters, except for band energies,

are linearly interpolated from those of the binary materials using the following
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relation of

TGaNAs = UBGaN + (1 - u)BGaAs + u<1 - U)CGaNAs
Tcaasp = VBgaas + (1 —0)Bgap + v(1 —0)Caaasp (3.4)
Teanp = wBgan + (1 —w)Bgap + w(l —w)Caanp

where v = (1 -2z —y)/2, v = (2 —2 —2y)/2andw = (2 — 22 —y)/2. Cis
bowing parameter for ternary alloys. Finally, by using the following expression
we calculate bulk band gap energy Ej of ternary alloys taking bowing parameters

mto account

zyTaan as(u l1—z—y)Tgeasp(V)+x(1—2—y) TG w
QGaNxAsyplfzfy <$’y) l— ( )+yﬂgy+y(1yf)xgy§+1;((1):;*(y) PR ele) (35)

The material parameters used in our calculations are tabulated in Table 3.1.

Material GaAs GaN GaP AlP
Lattice Constant ag (A) 5.6532 4.5 5.4504 5.467
Energy gap E, (eV) 1.424 3.299 2.777 3.56
Spin-orbit Splitting Ag (eV) 0.341 0.017 0.08 0.07
Effective mass (m} ) 0.067 0.15 0.13 0.22
Effective mass (m} s0) 0.172 0.29 0.25 0.30
Hydrostatic deformation potential for CB a. (eV) -717 22 82 -5
Hydrostatic deformation potential for VB a, (eV) -1.16  -5.2  -1.7  -3.0
Luttinger parameter ~y; 6.98 2.67 4.05 3.35
Luttinger parameter o 2.06 075 049 0.71
Luttinger parameter 73 293 110 293 1.23
Elastic Stiffness Constant C;; (GPa) 1221.0 293.0 1405.0 1330.0
Elastic Stiffness Constant Cio (GPa) 566.0 159.0 620.3 630.0
Elastic Stiffness Constant Cy4 (GPa) 600.0 155.0 703.3 615.0
Deformation Potential b (eV) 20 -22 -16 -15
Average Valence Band Energy (E, 40) -6.92 x  -740 -8.09

1°¢ order pressure derivative o (1072 eV/GPa) [6% 70,710 108 40 9.7  11.1
2" order pressure derivative 8 (10~* eV/GPa) [0% 7071 140 -0.38 -35.0 X

Interband Matrix Element E% (eV) 22,66 25.0 20.0 17.7
Refractive Index()\,) 2 36 26 34 3.0

Table 3.1: Binary material parameters used in our calculations. The parameters

are taken from Vurgaftman et al [68].

Figure 3.1 presents the calculated variations of the I'-; X-, and L- conduc-
tion band edge minimums, E,,’s, for host GaAs;_,P, as a function of phosphide

concentration. Material parameters used for these calculations are presented in
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Table 3.1. It is clear from Figure 3.1 that the position of the band edge mini-
mums strongly depend on the phosphide alloy composition and GaAs;_,P, has
an indirect band gap when phosphide concentration is above 45%. So we prefer
As-rich GaAs,_,P, ternary material in order to maintain in the direct band gap

region.

I
S

= N N
[ [=] o
T
1

Conduction Band Edge Energy (eV)
>

L 1 L | M
0,2 0,3 0,4 0,5
P Concentration

-
=Y

[=]
a

Figure 3.1: The calculated phosphide concentration dependence of I'-; X- | and

L- conduction band edge minimums of GaAs,_,P, by using Vegard’s Law.
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Figure 3.2: The calculated phosphide concentration dependence of I'-; X- | and
L- conduction band edge minimums and strained bandgap of host matrix GaAsP
energy Ey, and bulk F_, E and Eg, of quaternary GaNggiAsgg9—,P, using

band anti-crossing model.
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To determine the concentration range for which one might expect a direct
energy gap for dilute nitride phosphide GaN,As;_,_,P, alloy, the BAC is used
to calculate the energies of F_ and E, as a function of phosphide concentration.
The results of these calculations are presented in Figure 3.2. As is seen from the
calculated results, the incorporation of nitrogen into GaAs;_,P, causes a strong
reduction in the band gap energy of dilute nitride phosphide GaN,As;_,_,P, al-
loy. This is due to the strong interaction of the conduction band minima with the
close-lying N energy level. The nitrogen incorporation into GaAs;_, P, also allows
the required adjustment of the lattice constant to that of the GaP. The nitrogen
energy level Fy increases with increasing phosphide concentration due to the end
points values of Eny=1.67 eV for GaAs:N and Ey=2.18 eV for GaP:N as seen in
Figure 3.2. The variation of strained band gap Fg, of GaN As,_,_,P, as a func-
tion of phosphide concentration for varying nitrogen concentrations of 1% - 4%
is presented in Figure 3.3. The E;, of dilute-nitride-phosphide GaN,As;_,_,P,

alloy decreases with increasing nitrogen concentration.
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Figure 3.3: The nitrogen and phosphide concentration dependence of FEg, of

quaternary GaN,As;_,_,P,.

Figure 3.4 compares the magnitude of compressive strain in GaAs;_, P, with
that of the GaN,As;_,_,P, alloy. As can be seen from calculations that strain is
very large in GaAs;_,P, and it decreases with increasing phosphide concentration.
Figure 3.4 also shows clearly how the incorporation of nitrogen into GaAs;_,P,
effectively reduces the compressive strain. This rapid reduction in the magnitude
of compressive strain with an increase in nitrogen- and phosphide concentration

in GaN,As;_,_,P, well material is a great advantage for a uniform growth. In
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order to reveal the effect of nitrogen incorporation on the band structure of host

GaAs;_,P, we have changed the nitrogen concentration between 1%-4%.

0,40 ——
0,35 L

0,30 |- K

P Concentration
o
To
[$;]
T

o

[

o
T

0,10 )
0,5 1,0 1,5
—>Compressive

Strain (%)

Figure 3.4: The calculated phosphide concentration dependence of compressive
strain for ternary GaAs,_,P, and quaternary GaN,As,_,_,P, for varying nitro-

gen concentrations of 1% - 4%.

It can be concluded from these variations that GaN As,_,_, P, alloy is more
advantageous compared to that of the GaAs;_,P,. The advantageous of the qua-
ternary GaN,As,_,_,P, in comparison to ternary GaAs;_,P, lie in its quaternary
nature which provides more degree of freedom to engineer more suitable F_ en-
ergy band resulting a narrow band gap in quaternary alloy compared to that of
ternary alloy’s. The splitting between E, and E_ energy bands increase with in-
creasing nitrogen- and phosphide-concentration. Therefore, the predicted larger
separation between F, and E_ energy bands possibly enhances the operation of
the proposed laser systems since E_ energy band is extended from the nitrogen
energy level Fy with increasing nitrogen- and phosphide-concentration. All these
variations of Fy, F_ and E,, in terms of phosphide and nitrogen concentrations
obtained in Figure 3.2 and 3.3 will play an important role for the determination

of effective mass that will be provided in chapter Section 3.2.2.
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3.2.2 Effective Mass of GaAsP and Ga(NAsP)

The strain is a new degree of freedom available to optimize the semicon-
ductor laser characteristics: the structural modifications with respect to a bulk,
relaxed semiconductor, added to the size quantization effects, lead to drastic
changes of the electronic properties. Figure 3.5 shows that in a compressively
strained structure, at k=0 the split between heavy- and light-hole bands splits
apart increases resulting decreased heavy hole mass. This decrease in the heavy
hole mass yields reduced density of states (DOS) for holes. This leads to reduced
threshold current density in the laser structure. Moreover, as the light-hole states
which do not participate in the lasing transition are pushed further back due to
strain, rate of non-radiative transitions from the light-hole band to other subband
also decreases . These states are thus less populated, which leads to an increase of
the semiconductor laser efficiency. One can also demonstrate that the differential

gain is higher in a strained structure than in a lattice matched one.

Unstrained Compressive strained

Figure 3.5: Schematic diagram showing the bulk band structure of GaN,As;_,_,

P, strained layers grown on GaP substrate.

Using Eqn. 3.3, the effective mass is derived as [72]

1 1

m* W2k

OE_(k)
ok

Lo, En(0) — By

k=0 FM | (B (0) - Bx)? — 4V

where my; is the electron effective mass in the host crystal. Eqn. 3.6 can be

(3.6)

simplified to the form

m* = muy (1 + (ENV%—JYE_)?) (3.7)

The electron effective mass of GaN,As;_, calculated with Eqn. 3.7 is shown

in Figure 3.6. According to calculated data, effective mass increases rapidly for
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low N concentrations and then saturates. Saturation occurs due to coupling of

NN states and conduction band states does not benefit from coupling between N

dopants.
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Figure 3.6: Electron effective mass in GaN,As;_, calculated by Zhang et al. [73]

with band anti-crossing model.

With the introduction of N into GaAs, effective mass of conduction band
increases for GaN,As; , material system [74]. Effective mass values of 0.12mq
and 0.19m, are reported for GaN,As;_, material system containing 1.2% and
2.0% N compositions, respectively [75]. Their report suggests that the effective
mass will continuously increase with increasing N composition z. This increasing
trend in the electron effective mass as a function of the N doping has obtained

further support recently [76].

We now intend to illustrate how the incorporation of N into GaAs,_, P, will
have a positive effect on the effective masses. Results of these calculations for the
ternary GaAs;_,P, and the proposed novel material system GaN,As;_,_,P, as
a function of nitrogen- and phosphide-concentration are presented in Figure 3.7.
These variations point out that incorporation of nitrogen into GaAsP increases
the effective mass of electron m, in 1.4 orders of magnitude. Figure 3.7 also
indicates how an increase in phosphide concentration in GaN,As,_,_,P, will
provide a close matching between m. and m,. The valence band effective mass
m, increases slightly whereas the conduction band effective mass m,. increases

quickly with increasing phosphide concentration for GaN,As;_,_,P,.
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Figure 3.7: Carrier effective mass of GaAs,_,P, and GaN,As,_,_,P,.

These variations enable the effective masses of m,. and m, being equivalent
or even m, being greater than m,. So by means of changing N and P concen-
trations it is possible to change the effective masses to a significant extent. The
calculated substantial increase in m,. and the close matching between m, and
m,, of GaN,As,_,_,P, are beneficial for device designing because of its effect on
subband carrier populations. In addition, it is illustrated in Figure 3.7 that m,
of GaN,As;_,_,P, increases slightly with increasing nitrogen concentration for
low phosphide values whereas it decreases with increasing nitrogen concentration
for higher phosphide values. This is due to the fact that our proposed material
system of GaN,As;_,_,P, includes three group VA element of N, As and P. This
opposite behaviour can be understood by means of close investigation of Figure
3.2 which shows that the energy levels Ey and E_ varies at different rates with
increasing phosphide concentration. On the other hand the energy difference (Ey
- E_) increases with increasing nitrogen concentration causing a decrease in effec-
tive mass of electron in GaN,As;_,_,P,y (see Eqn. 3.7). In spite of all these, the
effective mass of electron in GaN,As;_,_,P, is significantly greater than that of
the host matrix GaAs;_,P, and may improve the efficiency of laser devices. Fig-
ure 3.7 also indicates that both incorporation of N into host matrix GaAs,_,P,
and an increase in phosphide concentration removes the strong asymmetry in the
effective masses of conduction- and valence-bands. This uncommon large effective
mass of electron improves the matching between CB and VB density of states.
This is due to the fact that ratio of m. / m, gets better in GaN,As;_,_,P, than
that of GaAs;_,P,.
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3.3 Band Alignment of Ga(NAsP) alloy on Si Substrates with
GaP and AlGaP Barriers

3.3.1 Model Solid Theory

For a well designed optoelectronic material, the structure and form of its
band alignment is an important factor. The band alignment is defined by band
discontinuity between the quantum well and barrier and the distribution of this
discontinuity over the relative bands. The distributed discontinuity of conduc-
tion and valance bands are represented as AE. and AE,, respectively. Physical
properties of the constituent semiconductor alloys characterizes how the band
discontinuity generated. It has been commonly accepted that the nitrogen in-
corporation mainly affects the conduction band states of the Ga(NAsP) alloys
leading to an increase in the conduction band offset Q., and a small discontinuity
in the valence band edge [64]. According to Van de Walle’s model solid theory
[77] the band offset ratio for conduction and valence band, Q.,, is determined by
discontinuity fractions of AE./AE,. The energy of the potential barrier, AE,, is
determined from the difference between the bulk bandgap energy of the barrier
layers and the strained bandgap energy of the active layer. The conduction band
position can be calculated by simply adding the strained bandgap energy to the
valence band position. The unstrained valence band-edge of the active region
material is set as the reference energy of zero. The valence band position is given
by

Eyav(z,y) + %I’y) + 0Epp(z,y) for hh (compressive strain)

Eyav(z,y) + %ﬂc’y) + 0E(x,y) forlh (tensile strain)

Ey(z,y) = {
(3.8)

where E, ., (z,y) is the average valence subband energy and A is the spin-orbit
split-off band energy. These values are listed in Table 3.1. The conduction band
is shifted by the energy dE.(z,y):

C’12

SE.(2,y) = 2a, <1 - C-ﬂ) e. (3.9)

The valence bands are shifted by the energy 0 Epp,(x,y) andd Ey,(z, y)

5Ehh(xa y) = _Pa - Qa

(3.10)
6Elh($7 y) = _P€ + QEa
where
P = -2, (1-&2)e
N (3.11)

Q- = —b(1+%2)e,



and where a. and a, are the conduction- and valence-band hydrostatic deforma-
tion potentials, b is the valence band shear deformation potential and C}; and

(1o are elastic stiffness constants. The strained band gaps can be expressed as

Eepn(z,y) = Eg(2,y) + 6B, (2,y) — Enp (2, y)

(3.12)
Eeon(w,y) = By (x,y) + 0Ee (2, y) — Eun (2,y) .-
The conduction band position is
E.(z.y) = E,(z,y) + Ec_pp(z,y) for hh (coml‘)ressive'z strain) (3.13)
E,(z,y) + Ec_n(z,y) for lh (tensile strain)
AFE EY — E?
R e e (3.14)
AEg E! — Ev

where E¥ and E? are the valence band positions in the well and barrier materi-
als, respectively, and £’ and ES are the strain adjusted band gaps (E._p, for
the compressive strain and E,_j,, for the tensile strain) for the well and barrier

materials.

3.3.2 Band Alignment of Strained Ga(NAsP)/GaP QW on Si
Substrates

We now extend our analysis to estimate the band alignment in these newly
proposed As rich GaN,As,P,_,_,/GaP on Si substrates using Model Solid The-
ory. Figure 3.8(a) presents the calculated band offset ratios of Q. and Q, for
compressively strained As-rich GaN,AsygPgo_.type I quantum well with GaP
barriers on Si substrates. Upper and lower curves represent the variation of the
conduction band offset ratio Q. and the valence band offset ratio Q, with in-
creasing nitrogen concentration in well, respectively. These calculations show
that the incorporation of N into GaAs;_,P, increases the conduction band offset
ratio Q. and decreases the valence band offset ratio Q, gradually. The corre-
sponding band offset energies for conduction band AE, and valence band AE,
are shown in Figure 3.8(b). It can be seen from Figure 3.8(b) that larger conduc-
tion band offset energies can be achieved with an increase in nitrogen concentra-
tion of GaN,AsggPg2_,. Larger conduction band offset energies, in turn, cause
an improved confinement in well and a decreased spill out of electrons. It can
be concluded from Figure 3.8 that the incorporation of nitrogen into GaAs,_,P,
mainly affects the conduction band offset energy and there are only minor changes
in the valence band offset energy. Hence, we illustrate that the incorporation of
nitrogen into GaAs;_, P, leads the N-containing system having a band alignment

of that of the ideal case (deep conduction- and shallow valence-wells).
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Figure 3.8: The variation of the (a) band offset ratio of Q. and Q, and (b) band
offset energies of AE. and AE, in GaN,AsysPg2_./GaP QW structure on GaP

substrate as a function of nitrogen concentration [64].

Figure 3.9(a) presents the calculated band offset ratios of Q. and Q, for
compressively strained GaAs,_,P, and As-rich GaN,As;_,_,P, type I quantum
well with GaP barriers on Si substrates. A closer investigation of Figure 3.9
shows clearly that the incorporation of N into GaAs;_,P, improves the band
alignment substantially. The valence band offset ratio Q, is greater than the
conduction band offset ratio Q. for GaAs,_,P, causing the band offset energy of
valence band AE, being greater than that of the conduction band offset energy
AE,. This is an undesired band alignment structure which may cause an electron
spill out to the barriers. By incorporating N into GaAs,_,P,, band alignment is

improved substantially.
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Figure 3.9: Variation of (a) band offset ratio of Q. and Q, and (b) band offset
energies of AE, and AE, in GaN,As;_,_,P,/GaP QW structure on Si substrate

as a function of phosphide and nitrogen concentration.
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The calculations presented in Figure 3.9 show distinctly the improvement
in band alignment due to incorporation of N into host matrix GaAs;_,P,. The
conduction band offset ratio Q. is now greater than the valence band offset ratio
Q, and the incorporation of N into GaAs;_,P, increases Q. and decreases Q,
gradually. The increase in phosphide concentration has a similar effect to that
of the nitrogen. Corresponding band offset energies for conduction band AE.
and valence band AE, shown in Figure 3.9(b) shows the significant development
of the band alignment of GaN,As;_,_,P, compared to that of the host matrix
GaAs;_,P,. It can also be seen from Figure 3.9(b) that larger conduction band
offset energies can be achieved with a higher nitrogen- and a lower phosphide-
concentration in GaN,As,_,_,P,. Larger conduction band offset energies, in
turn, cause an improved electron confinement in well and a decreased electron
spill out. As is seen in Figure 3.9 the incorporation of nitrogen into GaAs;_,P,
mainly affects conduction band offset energy and there are only minor changes
in valence band offset energy. As an overall, an ideal band alignment of deep
conduction- and shallow valence-wells can be achieved in GaN,As;_,_,P,/GaP

structure with a lower phosphide concentration.

3.3.3 Band Alignment of Ga(NAsP)/AlGaP/GaP QW on Si Sub-

strates

We aim to reveal whether the optimization of the quaternary GaN_As,
Pi_,—, well material on GaP substrates can be achieved by means of using
Al,Ga;_.P barriers. Figure 3.10(a) presents the effect of aluminium concentra-
tion in barrier on the calculated band offset ratios of Q. and Q, for compressively
strained type I GaN,AsysPg2_./Al,Ga;_,P QW structure on GaP substrate for
different N concentrations. It is seen from Figure 3.10(a) that valence band offset
ratio Q, increases and conduction band offset ratio Q. decreases with increasing
Al concentration. However it is clear from Figure 3.10(b) that combined effect of
N concentration in well and Al concentration in barrier improves the both band
offset energies of conduction band AE. and valence band AE,. Thus, replacing
GaP barriers with that of Al,Ga;_,P barriers causes a further increase at the
depth of the conduction- and valence-wells leading better carrier confinement in

both conduction- and valence-bands.
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Figure 3.10: Effect of N concentration (in well) and Al concentration (in barrier)
on (a) band offset ratio of Q. and Q, and (b) band offset energies of AEs and
AEy in GaN,AsosPo2_./Al,Ga;_ P on GaP substrates [64].

3.4 The Phenomena of Critical Thickness

Essentially all high performance semiconductor devices are based on crys-
talline materials. There are some devices that use low cost amorphous or poly-
crystalline semiconductors, but their performance is quite poor. Crystals are
made up of identical building blocks, the block being an atom or a group of
atoms. While in “natural” crystals the crystalline symmetry is fixed by nature,
new advances in crystal growth techniques are allowing scientists to produce ar-
tificial crystals with modified crystalline structure. In an epitaxial process, the
epilayer that is grown on the substrate could have a lattice constant that may
differ from that of the substrate. Such epitaxy is called strained epitaxy and is
one of the important emerging areas of crystal growth studies. The motivation

for strained epitaxy is twofold:

(1) Incorporation of built-in strain: When a lattice mismatched semiconduc-
tor is grown on a substrate and the thickness of the epilayer is very thin,
the epilayer has a built-in strain. This built-in strain has important ef-
fects on the electronic and optoelectronic properties of the material and

can be exploited for high performance devices.

(2) Generation of a new effective substrate: It has been noted that in semi-
conductor technology, high quality substrates are only available for Si,
GaAs and InP (sapphire and quartz substrates are also available and used

for some applications). Most semiconductors are not lattice-matched to
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these substrates. So how can one grow these semiconductors epitaxially?
One solution that has emerged is to grow the epilayer on a mismatched
substrate. If the conditions are right, a lot of dislocations as illustrated
in Figure 3.11 are generated and eventually the epilayer forms its own
substrate. This process allows a tremendous flexibility in semiconductor
technology. Not only can it, in principle, resolve the substrate availability
problem, it also allows the possibility of growing GaAs on Si, CdTe on
GaAs, etc. Thus different semiconductor technologies can be integrated

on the same wafer.

Consider a case where an epilayer with lattice constant a. is grown on a substrate
with lattice constant as. This situation is shown schematically in Figire 3.12. The
strain between the two materials is defined as

Qs — Qe

€= (3.15)

Qe

Consider a conceptual exercise one where we deposit a monolayer of the
epilayer on the substrate. If the lattice constant of the epilayer is maintained
to be a,, it is easy to see that after every 1/bonds between the epilayer and the
substrate, either a bond is missing or an extra bond appears as shown in Figure
3.12(b). In fact, there would be a row of missing or extra bonds since we have
a 2-dimensional plane. These defects are the dislocations. The presence of these
dislocations costs energy to the system since a number of atoms do not have

proper chemical bonding at the interface.

O O—0

T

z

) . T o N,
\ \
Rows of atoms
s— i have only 3 nearest

] neighbor bonds

Figure 3.11: A schematic showing the presence of a dislocation. This line defect
is produced by adding an extra half plane of atoms. At the edge of the extra

plane, the atoms have a missing bond [78].
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For small lattice mismatch (<0.1), the epilayer initially grows in perfect
registry with the substrate, as shown in Figure 3.12(c). However, as noted before,
the strain energy will grow as the epilayer thickness increases. As a result, it
will eventually be favorable for the epilayer to generate dislocations. In simplistic

theories this occurs at an epilayer thickness called the critical thickness, h., which

is approximately given by

as
R 3.16

In reality, the point in growth where dislocations are generated is not so clear cut
and depends upon growth conditions, surface conditions, dislocation kinetics, etc.
However, one may use the criteria given by Eqn. 3.16 for loosely characterizing
two regions of epilayer thickness for a given lattice mismatch. Below critical
thickness, the epilayer grows without dislocations and the film is under strain.
Under ideal conditions above critical thickness, the film has a dislocation array,
and after the dislocation arrays are generated, the epilayer grows without strain

with its free lattice constant.

Overlayer
Y o
\| ¢ ¥ (a) L ir N
~ Substrate o o
n-1 bonds: epilayer n+1 bonds: epilayer
f—A—\
e e e e i i
(b)
I} 1 o o
[ =l ]
SRR
n bonds: substrate n bonds: substrate

Coherent
(c) *

| |
!l [ I

Figure 3.12: (a) The conceptual exercise in which an epilayer with one lattice
constant is placed without distortion on a substrate with a different lattice con-
stant. (b) Dislocations are generated at positions where the interface bonding is

lost. (c) The case is shown where the epilayer is distorted so that no dislocation

is generated [78].
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Figure 3.13: Strained epitaxy above critical thickness. (a) A structure whose
dislocations are confined in the interface of epilayer and substrate. This is a
desirable mode of epitaxy. (b) The dislocations are penetrating the epilayer,

rendering it useless for most optoelectronic applications [78].

While strained epitaxy below critical thickness is an extremely powerful
tool for tailoring the optoelectronic properties of semiconductors, epitaxy beyond
the critical thickness is important to provide new effective substrates for new
material growth. For these applications the key issues center on ensuring that
the dislocations generated stay near the overlayer-substrate interface and do not

propagate into the overlayer as shown in Figure 3.13.

For layer-by-layer growth, the epitaxial semiconductor layer is biaxially
strained in the plane of the substrate, by an amount ¢, and uniaxially strained
in the perpendicular direction, by an amount ,. For a thick substrate, the
in-plane strain of the layer is determined from the bulk lattice constants of the

substrate material, a,, and the layer material, a.:

as
€H = E—l (3.17)

Since the layer is subjected to no stress in the perpendicular direction, the per-

pendicular strain, €, is simply proportional to g:

_ G

g1 = (318)

g

where the constant o is known as Poisson’s ratio.
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For each of these cases, a critical thickness h., below which the misfit strain
is accommodated without formation of misfit dislocations, can be defined in terms
of the elastic constants of the materials. Matthews and Blakeslee [79] introduced
the model for the calculation of critical thickness for layers having equal elastic

constants in a superlattice

he (3.19)

. 1 —0.2505(00D) hev/2
“ g 111( \/_+1>

- kV2me 1+ 000D Qo

where h,. is the critical thickness, and a, is the lattice constant of the strained
layer, (°°1 is the Poisson ratio, & is a coefficient having a value of 1 for a strained
layer superlattice, 2 for a single quantum well and 4 for a single layer strained

layer. For (001) and (111) directions Poisson ratio calculated by the following

equations: c
001 12
o0 = Gt (3.20)
1) Cii +2C1 — 20y (3.21)
2(Ci1 +2C12 + Cug)
where the necessary constants are listed in Table 3.2.
Material GaAs GaN GaBi
Lattice Constant ag (A) 5.6532 4.5  6.324
Energy gap E, (eV) 1.424 3.299 -1.45
Spin-orbit Splitting Ay (eV) 0.341 0.017 2.2
Hydrostatic deformation potential for CB a. (eV) -7.17 -2.2 -7.17
Hydrostatic deformation potential for VB a, (eV) -1.16 -5.2 -1.16
Elastic Stiffness Constant C;; (GPa) 1221.0 293.0 81.6
Elastic Stiffness Constant C;2 (GPa) 566.0 159.0 28.1
Elastic Stiffness Constant C44 (GPa) 600.0 155.0 59.7
Deformation Potential b (eV) 20 -22 X
Poisson Ratio o(001) 0.3167 0.3517 0.2561
Poisson Ratio o(111) 0.1952 0.1964 0.0465

Table 3.2: Binary material parameters used in our calculations. The parameters

are taken from Vurgaftman et al [80].

3.4.1 Calculation of Critical Thickness for GaAsP and Ga(NAsP)

on Si Substrates

Critical thickness of GaAs;_,P, and GaN,As,_,_,P, are simulated for a
single quantum well layer on (001) GaP substrate. The results are presented in
Figure 3.14.
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Figure 3.14: Phosphide concentration dependence of critical thickness.

The lattice mismatch between epilayer and substrate decreases with increas-
ing N concentration and this reduces the amount of compressive strain, therefore
uniform growth can be expected with lesser defects being generated. For higher P
concentration, critical thickness values reach a peak value for each N concentra-
tion for GaN,As;_,_,P,. These peak values represent the material composition
of GaN,As;_,_,P, to be lattice match on (001) GaP substrates.

3.5 Summary

In this chapter, we have presented an analysis of electronic band structure
of quaternary system GaN,As;_,_,P, and GaAsP by employing conduction band

anti-crossing model and model solid theory.

By varying the N and P concentration in the well material GaN As;_,_,P,,
we demonstrated that the bandgap of dilute nitride arsenide phosphide decreases
rapidly with an increase in nitrogen and arsenide concentrations. We also shown
that GaN,As;_,_,P, is lattice matched to GaP/Si, removing possible strain in-
duced growth effects on the epilayer as well as critical thickness being disregarded.
As an overall, the presented theoretical analysis to investigate and optimize the
band structure of GaN,As;_,_,P,/GaP QW on Si proved to be worthy.

Using model solid theory on GaN,As;_,_,P,/GaP material system, band

offset energy and ratio is calculated. As results indicate with increasing N incor-
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poration percentage band offset of GaN,As;_,_,P,/GaP improves significantly.
Also incorporation of Al into barrier slightly increases the conduction band offset
energy. However band offset ratio decreases with increased Al concentration in

the barrier material Al,Ga;_,P.

Lastly, effective mass of GaN,As;_,_,P, is analysed and compared to that
of GaAs;_,P,. N incorporation improves band offset as well as the mass ratio,

conduction band effective mass over valence band effective mass.
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CHAPTER 4

AN ANALYSIS OF BAND STRUCTURE AND CRITICAL
THICKNESS OF Ga(NAsBi) QWS ON GaAs SUBSTRATES

4.1 Introduction

Bismide (Bi) III-Bi-V alloys has attracted much attention due to its inter-
esting band structure. Alloying ITI-V compounds with small amounts of nitrogen
leads to dramatic reduction of fundamental bandgap energy in the resulting dilute
nitride alloys. This effect originates from an anti-crossing interaction between ex-
tended conduction band states and N defect states. In case of Bi, the interaction
occurs between valence band states and localized Bi states. This can be achieved
by replacing small amount of group V element by Bi. Major advantage of this
newly proposed novel laser material system is the fact that Auger recombination
loss mechanism being eliminated. To achieve that, incorporation of high concen-
trations of N and Bi is necessary. However with these concentration levels, defects
and dislocations is a major concern. Therefore it is necessary to investigate the
material composition dependent parameters such as bandgap, strain and critical

thickness for this laser material system.

We present a theoretical investigation to optimize the concentration levels
of N and Bi for GaN,As;_,_,Bi,/GaAs. Our theoretical calculations indicate
that incorporation of N and Bi into GaAs host material yield bandgap energies
corresponding to 1.33 and 1.55 um. Investigation of strain and critical thickness
for this material system is also a necessity. To ensure high quality growth of the
material system, various concentrations of N and Bi are used in the calculations.
Furthermore, with a well found ratio y/x of 1.7, GaN,As;_,_,Bi, is a lattice
match to GaAs, which potentially enables high quality III-V epitaxial films on
GaAs substrates. The ability to substantially change the band gap energy while
maintaining lattice matching to common substrates makes Ga(NAsBi) a promis-

ing material for a wide range of near infrared optoelectronics applications, includ-
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ing light-emitters and detectors in the long-wavelength region, high-performance

optoelectronic devices, and efficient solar cells.

4.2 Electronic Band Structure of Ga(NAsBi) Alloy on GaAs Sub-

strates

We have used band anti-crossing model to describe the effects of N incor-
poration into III-V semiconductor alloys and we have presented its effects on
GaN,As;_,_,P, alloy in Chapter 3 in details. However, modelling of electronic
band structure of Ga(NAsBi) differs from Ga(NAsP) due to effects of Bi incorpo-
ration are observed on both conduction- and valance band edge. In this section
we will cover the effects of Bi incorporation starting with its influence on valance

band edge energy levels.

4.2.1 Valence Band Edge Energy Levels

Alberi et al proposed that same principles that conduction band anti-
crossing model (explained in Section 3.2.1) use can be adopted to explain large
band gap reduction in GaAs;_,Bi,, as the atomic radii of As and Bi are highly
mismatched too [81]. This extended model is called the valence band anti-crossing
(VBAC) model.

Bi incorporation into GaAs produces Bi defect states that interact with
the extended states of the host (GaAs). Since Bi has a lower electronegativity
than As, the defect level is in close proximity to the valence band energy levels of
GaAs. The interaction between these states results in a splitting of the valence
band into two sub-bands, called £, and E_ bands. The former is located at
a higher energy than the Bi level while the latter is located at a lower energy.

Based on the VBAC model, the energies of the £, and E_ levels are given by

Evcaas + Epi &= \/(Ev,GaAs — Epi)* 4+ 4V2
2

where Ey gqas is the energy of valence band maximum (VBM) of GaAs, Ep; =
0.4 eV is the energy of the Bi level and below the VBM of GaAs [81], Cg; = 1.6 eV
is the coupling parameter between the Bi level and GaAs VBM. The values of
E,, E_ and Ep; are referenced to the VBM of GaAs, which is in turn referenced
to zero. Assuming a parabolic band for GaAs,

n*k?

2m*

E.(GaAsBi) = (4.1)

Ey(GaAs) = — (4.2)
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where h is the Planck constant, &k is the momentum and m* is the hole’s effective
mass. Figure 4.1 shows the calculated energy dispersion of the valence band of
GaAsgggBig 2. The anti-crossing interaction between the VBM of GaAs and Bi
level causes the valence band maximum of GaAs;_,Bi, to increase, consequently

reducing the band gap.
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Figure 4.1: The calculated valence band structure of GaAsgggBig o using the
VBAC model. Solid black and dashed lines refer to the Bi level and the valence
band edge of GaAs, respectively [82].

If the conduction band is assumed to be unaffected, since the Bi level
is located at much lower energy than the conduction band, the band gap of

GaAs,_,Bi, is given by,
Eg,GaAsBi = EC,GaAs - E+,GaAsBi (43)

which can be simplified to

Ey Gaaspi = Egcaas — AEypac (4.4)

where AFypac refers to the band gap reduction due to Bi incorporation. The

valence band of GaAs;_,Bi, is described by,

Evcaas + Epi = \/ (Bv.gaas — Epi)* +4V32 4,
2
Assuming that the conduction band is constant, the band gap of GaAs;_,Bi, is

E.(GaAsBi) = (4.5)

Eg,GaAsBi = EC,GaAs - E+,GaAsBi (46)

where E¢ is the conduction band minimum of GaAs. Since,
EBi = EV,GaAs - AEVBM—B@' (47)

44



and
Eg,G’aAs = EC,GaAs - EV,GaAs (48)

where AFy gy_pg; is the energy difference between the VBM of GaAs and the Bi
level. Using Eqn. 4.5 to 4.8, the band gap of GaAs;_,Bi, can be simplified to

Ey Gaaspi = Eycaas — AEypac (4.9)

Here, AEypac refers to the band gap reduction due to bismuth incorporation,

which is given by,
AFE _Bi 4V2 ..
ABypac = — =2t 1+-—MBL ] (4.10)
2 (AEvBym-Bi)

The VBAC model was then modified to include the reduction of the conduction

band minima. The values calculated using the modified VBAC model are in

agreement with the experimental data for the whole Bi concentration range, as
shown in Figure 4.2. The data fitting was obtained with Cp; = 1.55 eV. The
fitting also shows that the Bi concentration needed to achieve 1.33 and 1.55
pm emission in bulk material is 0.072 and 0.102, respectively. For quantum
well structures, higher Bi concentration is required to achieve similar wavelength

emission due to quantum effects.
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Figure 4.2: Bi concentration dependence of GaAs;_,Bi, samples grown by
Mohmad et al [82]. The grey and black dashed lines correspondes to the bandgaps
which are estimated by VBAC and modified VBAC models, respectively. The
inset shows the HR-XRD spectra of GaAsg.gg2Big 10s.

Recently, Usman et al reported a tight-binding analysis to investigate the

electronic structure of GaAs;_,Bi, [83]. This method is an atomistic approach
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which allows for quantitative investigation of the effect of isolated impurity atoms
(in this case replacing an As atom with a Bi atom) on the electronic structure of
the host material [83, 84]. Usman et al reported the evolution of Bi resonant states
in ordered GaAs;_,Bi, supercells (4096 atoms) which contained a single Bi atom,
a single Bi pair and a small Bi clusters [83]. Similar calculations were then ex-
tended to calculate the electronic properties of randomly disordered GaAs,_,Bi,
supercells (4096 atoms) in which the number of Bi pairs and n-atom clusters in-
creased by y? and y™ [83]. The results confirm that the evolution of the valence
band edge of GaAs;_,Bi, can be described by the VBAC model. However, the
VBAC model only partially explains the band gap reduction of GaAs;_,Bi,.

Usman et al found that the conduction band minima also reduces linearly
with Bi incorporation at a rate of 28 meV/%Bi [83]. The conduction band of
GaAs;_,Bi, (y < 0.05) retains the I' character of the GaAs conduction band
for y > 97 % [83]. The dominant GaAs character and linear energy reduction
suggest that the evolution of the conduction band with Bi concentration can be
best described by the conventional alloy model [83]. As the evolution of the
valence band maxima becomes less pronounced at high Bi concentrations, the
contribution from the conduction band becomes increasingly significant. For
example, the conduction band offset and the valence band offset of the 0.8 eV
band gap GaAs,_,Bi, are 280meV and 340 meV, respectively. This could explain
the divergence between experimental data and theoretical values predicted by the
VBAC model at high Bi concentrations.

The lattice constant of the GaN,As;_,_,Bi, structure is determined by the

linear relation:

a(z,y) =2 - agan +Y - acai + (1 — T —Y) - GGaas (4.11)

The nitrogen concentration required to maintain a lattice match to GaAs sub-

strate for different bismuth concentration is given by the relation [85, 86]:
y =17 (4.12)

acepi 18 assumed to be 6.324 A [87], and all the other parameters of binaries are
taken from Vurgaftman et al.[80]. It has been proposed that the incorporation of
Bi might improve the electronic properties of GaN,As;_, by strain compensating
the small N atom with the larger Bi atom [85, 88].

In the light of these information, we have carried out calculations for GaAs
based ternary GaN,As; , on GaAs substrates by using conduction band anti-

crossing model (see Section 3.2.1) to investigate the effects of N incorporation
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in GaAs. Since GaNAs is not lattice-matched to GaAs, build-up strain energy
will result a reduction in bandgap of GaN,As;_,. The reduction in bandgap of
GaN,As;_, on GaAs substrates due to these effects is shown in Figure 4.3. There
is an energy difference between E_ and E,, and this difference gets wider with
N concentration. This is due to increased number of N atoms in the formation
of lattice structure of GaAs host matrix which build-up more and more strain

energy then the lattice structure could handle.

Band Edge Energy (eV)

D:G L 1 L 1 i 1 i 1 n
0,00 0,01 0,02 0,03 0,04 0,05

N Concentration

Figure 4.3: Band anti-crossing effect (dash line) of N and the corresponding
strained bandgap (solid line) in GaN,As;_, on GaAs substrate.

As discussed earlier, effect of Bi incorporation into GaAs host material is not
limited on valence band edge but it also affects the conduction band edge energy
levels too. Presence of large Bi atoms in the lattice structure of GaAs,_,Bi,
generates strain on GaAs substrates. Therefore bandgap energy is reduced rapidly
under these effects. To identify how each effect influences bandgap of GaAs;_,Bi,,
we have calculated these effects separately and present them in Figure 4.4. Rapid
decrease in the bandgap of GaAs;_,Bi, is due to AEy g which is upward energy
shift in VB,,;, (dash-dot line), and AFEcp which is downward energy shift in
CBnin (dash line) occurring simultaneously. Effect of strain on bandgap reduction
AFEg,, (dot line) is also presented. Summation of AFy g, AEcp and AFEg,, gives
us the total decrease in the bandgap of GaAs,_,Bi,. Continuous line represents
strained bangap of GaAs;_,Bi, as well as the corresponding strain percentage in
the well.
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Figure 4.4: Estimated variation of bandgap in GaAs;_,Bi, and shift in energy
(AEcp, AEy g, AFEy,) due to Bi incorporation and strain.

In the case of GaN,As;_, the strain is tensile while for GaAs,_,Bi, the
strain is compressive. So with the aforementioned ratio of y = 1.7z in Eqn.
(4.12) the GaN,As;_,_,Bi, quaternary alloy can be grown on GaAs substrates
without strain in between layers. The ratio can be obtained from the data that

is presented in Figure 4.5.
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Figure 4.5: Estimated variation of strain due to Bi incorporation in GaAs;_,Bi,
and GaN,As;_,_,Bi,. N content is varied from zero to four percent for compar-

1son.
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Estimated bandgap of GaN,As;_,_,Bi, is calculated by employing the fol-

lowing equation:
Ey Ganvassi = Egcanas — AEvpac.caaspi — AEcB,,;,.GaNAsBi (4.13)

Eg Ganas is calculated by conduction band anti-crossing model. Derivation of
AFEvpac.Gaassi is shown previously. AFEcp . cavaspi 18 assumed 28 meV/%
Bi [83]. To compare the effect of N concentration in GaN,As;_,_,Bi,, various

concentrations of N are included in Fig. 4.6.
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Figure 4.6: Estimated variation of bandgap due to Bi and N incorporation in
GaN,As;_,_,Bi,. N content is varied from zero percent to five percent for com-

parison.

Reduction of bandgap energy can be seen in Figure 4.6. Effects of N in-
corporation on the GaAsBi conduction band minima has a diminishing strength.
This may be explained by closeness of conduction- and valence bands to each
other which affects the N states that lies below the conduction band, and there
the coupling strength in between them. Small changes in bandgap energy can
be observed in Figure 4.6 due to Bi concentration variation. Effects of Bi in-
corporation in the GaAs;_,Bi, is shown in Figure 4.4 and we have shown that
not only valence band gets effected but also conduction band minima. Now with
the N doping into GaAs;_,Bi,, energy corresponding to conduction band minima
pushed back further into the range of long wave-length region. This broad energy
spectrum can easily be obtained by incorporating even small concentration of N
and Bi into Ga(NAsBi) and as an optoelectronic device that can be used in a

wide variety of applications.
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4.2.2 Calculation of Critical Thickness for GalNAs and GalNAsP
on GaAs Substrates

Strained expitaxy that does not exceed critical thickness is a useful method
of engineering the properties of optoelectronic semiconductor material systems.
For these applications the key issues focus around ensuring that the dislocations
generated stay near the epilayer-substrate interface and do not propagate into
the epilayer. The phenomena of critical thickness is explained and discussed in
details for GaNAs and Ga(NAsP) on GaP substrates in Section 3.4. With those
in mind, we investigate the material systems of GaNAs, GaAsBi and Ga(NAsBi)

on GaAs substrates.

N Concentration
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Figure 4.7: Concentration dependece of critical thickness of GaN,As; ,, Ga
As;_,Bi, and GaN,As;_,_,Bi, on GaAs substrate (001) for a single quantum

well layer.

For the ternary GaN,As,;_, and GaAs;_,Bi, on GaAs substrates, critical
thickness decreases due to lattice mismatch on GaAs substratse getting large with
increased N and Bi concentration. However, in the case of GaN,As;_,_,Bi, pres-
ence of both N and Bi atoms compensate the strain generated by one another.
This compensative effect is shown in Figure 4.7 for 2%, 4% and 6% N concentra-
tion of GaN,As;_,_,Bi,/GaAs material system. For each N concentration critical
thickness for GaN,As;_,_,Bi, reaches to a peak value and each peak represent
Bi to N concentration ratio of 1.7 as well as required material composition of

GaN,As,_,_,Bi, for it to be lattice match on GaAs substrates. This compen-
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sative property of N to Bi (or vice versa) of Ga(NAsBi) is an advantage over
most III-V material system. Up to now, common III-V semiconductors alloys
could not constitute high N concentration due to strain generated from N atoms
in the structure could not be managed by, and therefore high N concentration
were avoided in order not to create undesirable dislocations. By incorporating Bi
and N with a reasonable ratio, dislocations can be avoided and epilayer of desired
thickness of GaN As;_,_,Bi, QW can be grown on GaAs substrates.

4.3 Summary

In this chapter, we have presented an analysis of electronic band structure of
quaternary system GaN,As;_,_,Bi, on GaAs substrates by employing conduction

and valence band anti-crossing model.

We have presented the results of VBAC calculations on newly proposed
dilute nitride bismide GaN,As;_,_,Bi,/GaAs material system. These results
indicate that by varying the N and Bi concentration in the well material, the
bandgap of dilute nitride bismide decreases rapidly. This creates a broad range
of bandgap energy corresponding to long wavelength region and possible new op-
toelectronic applications. We have investigated the role of Bi and N on the critical
thickness of GaN,As;_,_,Bi, QWs on GaAs substrate for (001) orientations. The
yielding results indicate that the N concentration has strain compensating effect
on Bi related strain or vice versa. We also shown that GaN,As;_,_,Bi, is lattice
matched to GaAs for Bi to N ratio being 1.7, removing possible strain induced

growth effects on the epilayer as well as critical thickness being disregarded.
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CHAPTER 5

A THEORETICAL INVESTIGATION OF OPTICAL MODE
CONFINEMENT IN Ga(NAsP) QWS ON Si SUBSTRATES

5.1 Introduction

Primary and important factor of designing a semiconductor quantum well
laser is the confinement of both carrier and optical mode. Confinement of carriers
ultimately determined by the band offset design of the heterostructures. Optical
mode is related with the refractive index difference between the core of wave
guide and that of its the cladding layer. It is known that the refractive index
strongly depends on the direct band gap of the semiconductor materials and
the band gap of the III-N-V semiconductor material system can be engineered by
means of adding nitrogen into the host semiconductor GaAsP. In this chapter, we
investigate the refractive indices of the heterostructures and corresponding optical
confinement factors of the proposed I1I-N-V laser material systems GaNAsP with
AlGaP cladding layer on Si substrates.

5.2 Theory

5.2.1 Adachi’s Model for Refractive Index

A more physics-based model of dielectric function for photon energies close
to and above the band gap is Adachi’s model. This model can be simplified for
the transparency region hw < E, by considering only the first band gaps (E,;
E, + Ay)

n(w) = Af(x;) + 0.5(%) | f(z2)+B (5.1)

where A and B are the empirical parameters which are given in Table 5.1.

fzy) = % (2—-V1+az—VI—a) (5.2)
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where x; = E—“’ and
g

fl@) == (2= VI+as—V1I—15)

el
I\DMH

(5.3)

where 1o = & }:"’JAO. A and B parameters of quaternary compound semiconductors
g

are calculated by interpolation method [89].

5.2.2 Five-layer Symmetric Slab Theory

The obtained laser light should also be confined in heterostructure as elec-
tron. For this aim different type waveguides have been produced. One of these
waveguides is five-layer slab waveguide so we made our calculations according

this type waveguide. The structure of this waveguide is shown in Figure 5.1.

Parameter | A B | By (eV) | Ag (eV)
GaAs 6.3 9.4 1.424 0.341
GaP 22.25 | 0.9 2.777 0.08
AlP 24.1 | -2.0 3.56 0.07
GaN 9.31 | 3.03 | 3.299 0.017

Table 5.1: The required parameters related to the refractive index of the materials
[68, 89].

(1) Electric field distribution for core region (well region):

€ (1, 2,1) = Acos (hyz) e'@F9,0 < |z| < a

(5.4)
(2) Electric field distribution for barrier region :
€y (1, 2,t) = Bcos (hgx) @92 a < |z| < b (5.5)
(3) Electric field distribution for cladding layer region :
s (2, 2,t) = Ce Mamei@i=02) - < |z < ¢ (5.6)
The field distributions for even-order modes are written:
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For now, we don’t consider exponential complex part; If we apply the boundary
conditions to electric fields, we can see that; At v = a ; {1(a) = ,2(a) and so

Acos(hia) = Beos(hpa)

Acos(hia) Acos(hia)
= 222y = 2O os(h .
cos(hga) = Eunl(@) cos(hga) cos(ha) (58)
At z = b ; £o(b) = &,3(b) and so
Acos(hia) e —hab
WCOS(th) =Ce (59)
Acos(hia)ehs? Acos(hya) B (b
= Eys(z) = ———=cos(hab)e™ =" (5.10
C cos (1) cos(haob) = Eys(x) cos (1) cos(hgb)e (5.10)
Atz =a; agqu(z) = 85?32:8(1) and so
n2
L )
P

Figure 5.1: The illustration of the five layer slab waveguide [89].

Asin (h
—hyAsin(hja) = —hQM sin (hga)
cos (hga) (5.11)
tan (hia) = @tan (hsa)
ha
Atz =10b; agyalm(m) = a%z(m) and so
Asi Asi
_hQ—Sln (1) sin (hob) = _h3—51n () cos (hab) (0
cos (haa) cos (hga) (5.12)

1 h
tan (hyb) = hy = hy = —arctan <—2>
b hs

substituting Eqn. 5.11 to 5.12
h h h
tan (hya) = — tan (hoa) = hya = arctan | — tan L arctan [ = (5.13)
hy hy b ha
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where h? = k*n} — % h3 = k*n3 — 8% h% = B2 — k?n%; Mnr is eliminated
because we will study M = 0 mode. In addition, exponential terms have not been
considered because they are cancelled in confinement factor calculation (electric
field is multiplied by its conjugate). If kny > 8 > kns then Eqn. 5.13

h
tan (hia) = h_2 tan (hoa)
! (5.14)

= hia = M + arctan h— tan garctamh h3
hy b hg

where h? = k?n? — 3% h3 = 5% — k*n2; h2 = 3% — k*nZ; We have two options:

2 2
n® —n
L 2 <1 condition 1

s kvnl_"?’ (5.15)
hq n} —n3

0 —/——— <\ 55—
ky/n? — n? ni —nj

condition 2

To understand these equations, we may view at relationship between the

equations of electric fields, refractive index, propagation constant and wavelength.

fgzl (I‘, <, t) dx
r= = - (5.16)

fggl (I’,Z,t) dlE + f£g32 (fL’,Z,t) d[L‘ + f§g2/3 (ZE,Z,t) dl’
0 a b

Optical confinement factor calculation can be made merely with above equation.
However, electric fields are obtained from the calculations which have refractive
indices analysis. These indices are dependent on wavelengths. This condition

causes complications and requires different type solution ways.

Above calculations have all analogy about optical confinement factor. We
have used an approximation which belongs to M.J.Adams [90] to obtain simply

optical confinement factor as

v? = a2k? (n? — n2) (5.17a)
u? = a2 (K2 — B2) = a2h? (5.17Db)
=a* (B° — k’n3) = v* —u® = d’h; (5.17¢)

£ = a2 (k2n2 — B%) = u? — v%c® = ah3 (5.17d)
"2 = g2 (52 — n2) = 02¢ — u? = a®hy? (5.17e)
- n%—n% ~ ny — N2 (5.18)

n?—n?  ny—ng
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t w b
u = M + arctan (a tan (arctan (?> —t (5 — 1))> (5.19)

"

t b
u = M + arctan [ — tanh | arctanh (E> —t"-=1 (5.20)
U " a

ifc<u/v<1

if t = at”

u + sinu cos u
I'= 5.21
u + sinu cosu (1 - ";—22) +u (coszu + ?—;sin%) (% 14 l) (5.21)

if0<wu/v<ec

r— u + sinu cos u (5.22)

u —+ sinu cosu (1 — %) +u <0082u + t”f—,ZQSin2u> (g -1+ l)

t w

Examples for concentration dependence of refractive indices of well- and
cladding layer material are given in Table 5.2. From Table 5.2, refractive index
of GaN,As;_,_,P, decreases with N. Therefore to satisfy and improve the con-
ditions of internal reflection for the five layer slab waveguide shown in Figure
5.1, refractive index of GaN,As,_,_,P, layer, which is denoted as n;, must be
greater than that of barrier and cladding layer, which are denoted as ny and nj
respectively. To achieve that we need to decrease refractive index of cladding
layer. We offer incorporation of Al into GaP and use Al,Ga;_.P as a cladding
layer to decrease the refractive index of cladding layer without adding strain to
material system. The effects of Al incorporation on the cladding layer is also
shown in Table 5.2.

Content 1% 2% 3% 4%
GaN_Asys_-Po2 3.51380 3.47350 3.43818 3.40713

Content 5% 10% 15% 20%
Al,Ga;o_.P 3.38000 3.36000 3.34000 3.32000

Table 5.2: Refractive index for GaNAsP and AlGaP.
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5.3 Calculation of Refractive Index and Optical Confinement
Factor in Ga(INAsP) by Using the Analytical Model

In the previous section we show how the refractive indices change with ma-
terial composition. We now want to illustrate at this point the Adachi’s model
can be used to investigate the refractive index of III-V and III-N-V semicon-
ductors. We assume a total loss of 50 cm™! for the Fabry Perot laser cavity
and the cavity length L is taken as 1500um. The refractive index of GaN is
much smaller than that of GaAs and GaP. Therefore the introduction of nitro-
gen into GaAs;_,P, decreases the refractive index of GaN As,_,_, P, QW and
so do the index difference between GaN,As;_,_,P, well and GaP barrier. This
reduced index difference between well and barrier is expected to cause a decrease
in optical confinement factor, I'. In order to improve I', we offer Al,Ga;_.P
as a cladding layer. Al ,Ga;_.P is nearly lattice matched to GaP barrier in
Ga(NAsP)/GaP material system. Thus, a five layer dielectric slab waveguide
model is employed to calculate numerical values of optical confinement factor
[90] for Ga(NAsP)/GaP/AlzGa(1-z)P. All required parameters are provided in
Table 3.1.

Figure 5.2(a) compares the rate of change of optical confinement factor of
the two proposed 70A single quantum well (QW) laser systems of GaAs;_,P,
/GaP /Al 3Gag 7P and GaN,As,_,_, P, /GaP /Al 3Gag P on Si substrates. We
first try to show phosphide concentration dependence of I" for the two QW system
taking into account the index of refraction of well, barrier and confining layers
at each composition. We choose the aluminium concentration in confining layer
as 30% in both offered systems. As can be seen from Figure 5.2(a), GaAs;_,P,
/GaP /Aly3Gag7P material system has a higher confinement factor than that
of GaN,As;_,_,P, /GaP /Aly3Gag 7P due to the low refractive index values of
GaN and GaP. In addition, the increase in phosphide concentration reduces I
in both systems. Secondly, these calculations show clearly how I' decreases with
increasing nitrogen concentration for GaN,As,_,_,P, /GaP /Al 3Gag 7P mate-
rial system. Thus, the increase in phosphide and nitrogen concentration in well
lead a poor photon confinement in GaN,As;_,_,P, /GaP /Alj 3Gag 7P. However,
the optical confinement can be improved by means of increasing the Al concen-
tration in cladding layer Al,Ga;_,P. As is seen in Figure 5.2(b) compressively
strained laser system of GaN,Asyg_,.Po1 /GaP /Al,Ga;_,Ps optical confinement
factor increases with Al concentration and its value approaches to that of the
host matrix GaAsggPo1. So, the analysis of strained quantum well structure

GaN,As;_,_,P, that contains high As-, moderate N- and low P- concentrations
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which maintains acceptable strain levels translating into lesser dislocations in the
grown material compared to host matrix GaAs;_,P, (see Figure 3.4), appears to

show promising properties as far as optical confinement factor is concerned.

| 003 ——F— T T T T T T T T

0,028 e e ————r
| (a) GaN As, TPY.‘GaPJ'AIMGaMP ] t (b) GaN, As,, P,/ GaP/ALGa, P

_ oozl . 0,030 | _— B
g E g :
© o _ ® 0,025
L 0024 - S o A
5 |
£ £ 0020
2 0022 B~ o
€ E
5] S 0015
(&) Q
% 0,020 |- w
e £ 0,010
[=5 [=%
[e] o &

0018 0,005 1

0.016 1 1 L 1 1 0000 1 1 1 1 L 1 1 1 1

0,10 0,15 0,20 0,25 0,30 0,35 0,40 00 01 02 03 04 05 06 07 08 09 10
P Concentration Al Concentration

Figure 5.2: (a) The calculated values of optical confinement factor as a func-
tion of phosphide concentration in well for GaAs;_,P, / GaP / Al 3Gag 7P and
GaN,As;_, P, / GaP / Aly3GagrP. b) The variation of I' versus aluminium
concentration in cladding layer for GaAsgoPo; / GaP / Al,Ga;_.P and that of
GaN,Aspg ,Po1 / Al,Ga;_.P. The nitrogen concentration is varied between 1%

- 4% for quaternary system.

5.4 Summary

In this chapter, we have presented an analysis of concentration depen-
dence of refractive indices and optical confinement for GaN,As;_,_,P,/GaP and

GaAs;_,P,/GaP material systems on GaP substrates.

Although the band offsets of GaN,As;_,_,P,/GaP systems are close to
that of the ideal case which leads to have an improved carrier confinement,
the optical confinement of GaN,As;_,_,P,/GaP laser system is slightly worse
than that of GaAs;_,P,/GaP laser systems while holding an advantage on the
strain levels over GaAs;_,P,/GaP laser systems. However, the optical confine-
ment can be improved by means of introducing barrier of Al,Ga; P to the
GaN,As;_,_,P,/GaP heterojunction. As a summary, compressively strained
laser system of GaN,As;_,_,P, /GaP /Al,Ga;_.P improve optical confinement
significantly.
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CHAPTER 6

GAIN ANALYSIS IN Ga(NAsP) QWS ON Si SUBSTRATES

6.1 Introduction

We have analysed in previous chapters how band structure, effective mass
and optical confinement factor vary with nitrogen and phosphide concentration.
The ability to calculate these important parameters allows us to reveal the con-
centration dependence of carrier density and gain in Ga(NAsP)/GaP QW laser
systems. This will aid in the design and optimization of efficient laser device
structures of Ga(NAsP)/GaP on Si substrates. In order to provide some insight
into basic design rules, we analyse differential gain, transition matrix element,
transparency and threshold carrier density, and threshold gain in two of the pro-
posed GaP-based 70A single quantum well (QW) laser systems of GaAs;_,P,
/GaP and GaN,As;_,_,P,/GaP on Si substrates.

6.2 Modelling of Peak Gain

We aim to obtain the band-edge peak gain for electron- and hole carrier

density n at the QW band edge using an idealized band model as [91]

Gmaz = Go[1 — e /e — e*”/””] (6.1)
with PE 2 -
_ LBylm, ks T (62)
eocnh’L, ’ Th*L,

where I is the optical confinement factor, E, is the optical energy gap, u? is the
squared dipole moment along a polarization of light, m, is the reduced mass, ¢,
is the dielectric constant of vacuum, 7 refractive index, L, is the well width, and

finally n is the injected carrier density. Transparency occurs when Gj,.,=0, and
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we calculate the transparency carrier density ng,. required for population inversion
solving the following of

_« _a/Rm
l—e =e /

(6.3)

with @ = ny./n, and R,, = m./m,. The differential material gain at trans-
parency, 5 = dGpa./dn, is defined as the derivative of the modal gain with
respect to the number of charge carriers at transparency in active region and it
can be found by differentiating the peak gain in Eqn. 6.1 as a function of carrier
density as

_ BoEy

f= 1R [1+e(Ry—1)], (6.4)

where 3, = pu’n/e,cnhkpT. Assuming a linear relationship between carrier den-
sity n and the peak laser gain g, we can calculate the threshold carrier density

ny, using the following relationship of

Gth

nth:nt,«—kf, (65)
with gy, is the threshold material gain and it takes the form of
B (1-T) 1 1
Gih = Oy + T ac + FLln R (66)

where «, and «, are the active- and cladding layer losses, respectively, L is the
laser cavity length, R is the reflectivity of the end mirrors and finally I' is the
optical confinement factor which defines the fraction of the optical mode power

confined in active region.

6.3 Analysis of Peak Gain

Figure 6.1 shows the calculated variation of the differential gain for GaAs;_,
P, /GaP/Aly3Gag 7P and that of GaN,As;_,_,P, /GaP/Al;3Gag 7P as a func-
tion of phosphide concentration in well. Nitrogen concentration dependence
of GaN, As;_,_,P,/GaP/Alj3Gag 7P is also revealed. The differential gain in
GaN,As;_,_, P, /GaP/Aly3Gag P is decreased significantly in comparison with
the nitrogen free counter part of GaAs,_,P, /GaP/Alj3Gag7P. The concentra-
tion dependence of differential gain is determined by the variation of band gap,
momentum matrix element and mass ratio with concentration. We can analyze

the effect of all these on the differential gain as follows:

e Both band gap and momentum matrix element decrease with increasing

nitrogen concentration resulting a decrease in differential gain.
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e Mass ratio increases with increasing nitrogen concentration for low P
concentration whereas it decreases with increasing nitrogen concentra-
tion for high P concentration causing a crossover in differential gain in
GaN,As;_,_, P, /GaP/Alj3Gag 7P system around 23% of phosphide con-

centration.

e As an overall, differential gain decreases with increasing P concentration
and it decreases/increases as a function of N concentration for low/high

values of P concentration.

Differential Material Gain (10™'° cm?)

0,10 0,15 0,20 0,25 0,30 0,35 0,40
P Concentration

Figure 6.1: The comparison of the differential peak gain of GaAs,_,P,/ GaP/
Alg3Gag 7P with that of GaN,As,_,_,P,/ GaP/ Aly3Gag7P as a function of
phosphide concentration in well. The nitrogen concentration dependence of
GaN,As;_,_, P,/ GaP/ Aly3Gag 7P is also given for 1% - 4 % nitrogen range.

We now determine the transparency and threshold carrier densities of ny,
and ny, using Eqn.’s 6.3 and 6.5, respectively, for the two laser systems. The the-
oretical ny, and ny, calculations presented in Figure 6.2(a) show that both n,, and
ny, increase with increasing P concentration in both laser systems. The inset cor-
responds to the calculations belonging to GaAs;_,P,/ GaP/ Aly3Gag 7P system.
In addition, the transparency and threshold carrier densities of GaN As;_,_,P,
/GaP/ Aly3Gag 7P is higher than that of GaAs;_,P,/ GaP/ Aly3Gag 7P due to
the variations obtained above. Figure 6.2(a) shows the effect of N concentration
of ny and ny, in GaN,As;_,_,P, /GaP/ Al;3Gag 7P as well. These presented
calculations are interesting that both n,. and ny, increase with increasing N con-
centration for low P values whereas it decreases with increasing N concentration

for high P values. A close investigation of Figure 3.7 explains this behaviour
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noticing that m, is being greater than m, until 38% of P concentration whilst
it is smaller than m,. above this point. When m, is being greater than m,, the
density of states in VB becomes greater than that of CB. This means that the
condition for transparency occurs when the quasi-Fermi level for holes is well
above to the top of VB and hence quasi-Fermi level for electrons is correspond-
ingly high above the bottom of CB. This means that there is a large spread in the
energy distribution of the electrons and only a small percentage of them can di-
rectly contribute to gain while all the others are able to recombine spontaneously
or via non-radiative processes and hence add to the threshold current. On the
other hand, the increase in N and P concentration cause a decrease in compres-
sive strain. This will in turn provide a close matching of the effective masses of
m. and m,, for GaN;As;_,_,P,. Then the density of states becomes comparable
and quasi Fermi level for VB and CB moves at a similar rate for a given injected

carrier density which will be beneficial for device performance.
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Figure 6.2: The variation of transparency carrier density n;. and threshold car-
rier density ny, a) as a function of phosphide concentration for GaAs;_,P,/ GaP/
Aly3Gag 7P (inset) and that of GaN,As_,_, P, /GaP/ Aly3Gag 7P, and b) as a
function of aluminium concentration in barrier for GaAsgoPy 1/ GaP/ Al,Ga;_,P
(inset) and that of GaN,Asgg ,Po1/ GaP/ Al,Ga;_,P for varying nitrogen con-
centrations of 1% - 4%.

In order to achieve the optimal laser performance the transparency and
threshold carrier density must have its minimum value whereas the differential
gain and transition matrix element must have its maximum value. It is possi-
ble to reduce ny,. and ny, values by means of using Al,Ga,_.P cladding layers.
Figure 6.2(b) shows how ny, decreases rapidly as a function of aluminium con-
centration in barrier both for GaAsyoPg1/GaP/Al,Ga;_,P (inset) and that of
GaN,Aspg_,Po1/GaP/Al,Ga;_,P for varying nitrogen concentrations of 1%-4%.
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This rapid decrease is mostly due to the rapid increase in optical confinement

factor by means of using Al,Ga;_.P cladding layer.
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Figure 6.3: The variation of threshold material gain of GaAs,_,P,/GaP/Al,
Ga;_,P and that of GaN,As,_,_,P,/GaP/Al,Ga;_,P for varying nitrogen con-
centrations of 1% - 4% as a function of a) P concentration in well (inset) and b)

Al concentration in barrier.

Finally, we calculate the threshold gain as a function of P concentration in
well (inset) and Al concentration in barrier by means of using Eqn. 6.6. Figure
6.3(a) (inset) illustrates the variation of the threshold gain as a function of P

concentration in well for varying nitrogen concentrations of 1% - 4%.

It can be observed that an increase in P concentration and a simultane-
ous reduction in As concentration increases the threshold gain. The increase
in N concentration cause a further increase in threshold gain. The increase in
threshold gain becomes significant especially at high P concentration. As it is
proposed previously it is possible to decrease the threshold gain by means of us-
ing Al,Ga;_,P cladding layers as shown in Figure 6.3(b). The rapid decrease in
threshold gain is again mostly due to the rapid increase in optical confinement
factor by means of usingAl,Ga;_,P cladding layer. It has been calculated that
an increase in P concentration and a simultaneous reduction in As concentration
increase the density of carriers at transparency and threshold and degrades the
differential gain. Therefore to obtain the optimal laser performance of lowest
possible transparency and threshold carrier density whereas the highest possible
differential gain and transition matrix element one must prefer highest possible

As- and N- and lowest possible P- concentration in well.
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6.4 Summary

We have made a comprehensive theoretical comparative analysis of the gain
material properties in GaAs;_,P,/GaP/Al,Ga;_,P and GaN,As,_,_,P,/GaP/
Al,Ga;_.P laser systems on Si substrates. The main objective of this chapter
is to exploit the gain properties of the compressively strained Ga(NAsP)/GaP
QW heterostructures to design a laser diode. Modelling calculations mainly has
been concentrated on the carrier density, differential and threshold gain. Gain
properties in GaN,As;_,_, P, clearly shows that laser related parameters such as
optical confinement (see Figure 5.2) and effective mass (see Figure 3.7) strongly
depend on P and N concentrations. Therefore, we can conclude that when
GaN,As;_,_, P, is intended to be used as an active layer in a laser configuration,
the route of highest possible As- and N- and lowest possible P- concentration

must be followed. By this way

e the transparency and threshold carrier density is minimised,

e the differential gain is maximised.

In summary, these calculations show clearly the relative benefits of the use of
the Al,Ga;_.P cladding layers for the proposed GaN,As;_,_,P,/GaP QW laser

system.
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CHAPTER 7

THEORETICAL ANALYSIS AND COMPARISON TO
EXPERIMENTAL RESULTS OF THE VARIATION OF CURRENT
DENSITY WITH PRESSURE IN Ga(NAsP) QWS ON GaP

7.1 Introduction

The technological interest in the superior electronic and optoelectronic
properties of III-N-V semiconductors promotes research in heteroepitaxy on sil-
icon (Si) substrates for integration in established micro-electronics. Highly mis-
matched dilute nitride alloy GaNAsP having type-I direct bandgap is a perfect
example of promising ITI-N-V semiconductor. The most remarkable properties of
GaN,As;_,_, P, quantum well (QW) lasers are that the ability to be doped both
n-type and p-type [92] and have a wide range of material composition due to its
quaternary nature enabling bandgap-tailoring as well as lattice matched growth
on to GaP substrates. Lattice matched growth on GaP substrates also allows
the possibility of this laser material system to be grown on Si(100) substrates as
recently shown by Doscher [93]. On the other hand these promising laser diodes
on Si substrates have large threshold current densities. This high threshold cur-
rent density is due to significant non-radiative recombination mechanisms present
in the structures mentioned. Therefore an optimised design for the wave guide
structures is required to allow the improvements in optical confinement factor
and in electrical confinement. It is also necessary to investigate effective loss

mechanisms in this laser material system.

It is known that the application of hydrostatic pressure cause an increase
in the direct bandgap of the Ga(NAsP) semiconductors. Therefore hydrostatic
pressure can be used to vary the interaction between the nitrogen energy level
and the conduction band edge of the host matrix GaAsP. So hydrostatic pres-
sure is a useful mean of developing a further understanding of the behaviour
of such materials. We present a comprehensive theoretical analysis of dilute
nitride highly mismatched quaternary GaN,As;_,_,P,/GaP/Al,Ga;_.P type-I
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QW laser structure to reveal the effects of hydrostatic pressure on band struc-
ture, optical confinement factor, effective loss mechanisms and threshold current
density. The chapter is organized as follows; Pressure dependencies of all band
edges is calculated with band anti-crossing (BAC) model and presented in Section
7.2. Nitrogen and pressure dependence of effective mass of GaAsP (host matrix)
and GaN,As;_, ,P,/GaP is studied in Section 7.3. Aluminium and pressure
dependence of optical confinement factor of GaN,As;_,_,P,/GaP is studied in
Section 7.4. Aluminium, Nitrogen and pressure dependence of carrier density of
GaAsP (host matrix) and GaN,As;_,_,P,/GaP is studied in Section 7.5. Cal-
culated nitrogen and pressure dependence of threshold current due to direct and
phonon-assisted Auger recombination rates are given in Section 7.6. A summary
of our conclusions is provided Section 7.7. The theoretical models that have been
used throughout the calculations have been provided or cited in each related

section.

7.2 Pressure Dependence of the Band Structure

Applied hydrostatic pressure cause an increase in direct bandgap at I'-point
and a reduction in indirect X minima in the band structure of semiconductors.
Due to this fact hydrostatic pressure can be used to vary continuously the band
structure of a semiconductor material system allowing to a systematic study of
the internal electronics and optoelectronic processes. These processes include
mostly the loss mechanism of non-radiative Auger recombinations. In order to
examine pressure dependence of threshold current of the proposed structure, we
first theoretically determine the pressure dependence of band structure over a
pressure range of 0-1 GPa. The pressure dependence of the conduction band is
taken as [70]:

Ey (p) = Eo (0) +ap + p* (eV) (7.1)

where E((0) is the bandgap of host GaAs;_,P, and GaN,As;_,_,P, alloy at
equilibrium. The constants a and 3 are the linear and non-linear pressure co-
efficients, respectively. These pressure coefficients are tabulated in Table 3.1 for

direct bandgap binary materials.

Figure 7.1 presents the calculated pressure dependence of I'-conduction
band edge minimum FEj; of GaAs,_,P, using equation 7.1. Our calculation in-
dicates a rapid increase in Fj; with an increase in pressure. We also present
the calculated pressure dependence of the fundamental energy bandgap E_ of

dilute-phosphide-nitride GaN,Asqg_,Po1 using BAC model with varying nitro-
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gen concentrations of 1% - 4%. The nitrogen level location was obtained by
interpolation of isolated N level (Ey) in GaP and GaAs and assumed negligibly
vary with pressure [67]. Our calculations shows that the incorporation of nitrogen
into GaAs;_,P, causes a strong reduction in fundamental energy bandgap £_.
This reduction is a result of strong interaction of the conduction band minima
with the close-lying N energy level. The rapid decrease in E_ for GaN,Asqg_.Po1

is non-monotonic for varying nitrogen concentrations of 1% - 4% at 0 GPa.
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Figure 7.1: The pressure dependence of ['- conduction band edge minimum energy
(Ey) of host matrix GaAsygPg; and fundamental energy gap E_ of quaternary
GaN,Asgg_.Po1 for varying nitrogen concentrations of 1%-4%. The nitrogen

energy level FEy is taken as insensible to applied pressure.

It is clear that the quaternary GaN,Asgg_.Po1 provides more degree of
freedom in comparison to ternary GaAs;_,P, in order to engineer a suitable E_
energy band with a narrow bandgap. In addition, the nitrogen incorporation into
GaAs,_,P, lets the required adjustment of the lattice constant to that of the
GaP. GaAs;_,P,/GaP structure is compressively strained and the magnitude of
strain decreases with increasing phosphide concentration. The incorporation of
N into GaAs;_,P, cause further reductions in compressive strain. This rapid
reduction in the magnitude of compressive strain with an increase in phosphide-
and nitrogen-concentration in GaN,Asqg_,Pg 1 brings an advantage for a uniform

growth.

The calculated pressure dependence of band edges presented in Figure 7.1

indicates that both Fj; and E_ shifts to higher energies with increasing pres-
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sure over a pressure range of 0-1 GPa. The pressure dependent variations of
E_ for different nitrogen concentrations show a similar trend. However the I'-
conduction band edge minimum FE); of GaAsP and the fundamental bandgap E_
of GaN,Asqg_.Po1 shift at different rates under hydrostatic pressure. Clearly F_
of GaN,Asgg_,Po.1 has a weaker pressure dependence than the direct bandgap of
host matrix GaAs;_,P,. This allows us to continuously tune the repulsion effects
between the energy states using hydrostatic pressure. These nitrogen concen-
tration and pressure dependent variations of Ex and F_ will play an important
role for the determination of effective mass that will be provided in the following

section.

7.3 Pressure Dependence of the Effective Mass

As we have shown in Figure 7.1, I-conduction band edge minimum (E),)
of GaAspoPo1 and the fundamental bandgap (E_) of GaN,Asyg_,Pg1 broadens
with hydrostatic pressure. This change in the band structure is expected to
cause an increase in the effective mass of electron (m*). In order to verify this
prediction, we determine the pressure induced modifications of electron effective
mass in GaN,Asgg_,Pg1 with nitrogen concentration and compare with that of
GaAsggPo1. The effective mass (mys) of GaAsggPg is calculated taking into

account the broadening in the bandgap of the host material through the k-p

relation [94] of
— =1+ — + . 7.2
w2~ Bl T B M) 2

Here Ej corresponds to Ejr, E, is the momentum matrix element and A, is

spin-orbit splitting energy. All these parameters are tabulated in Table 3.1. The
effective mass of GaN,Asgg_,Po1 material system is calculated using the modified

band anti-crossing model as

2
m=— 2m° 1 (1+ = VN{EN 2>. (7.3)
1+TP<Eo<p>+EO+AO<p>> (Ex — E_(p))

Equation (7.3) shows how the effective mass is closely related to energy bandgap.
Our calculated results are presented in Figure 7.2 and these variations show a
pressure induced enhancement of electron effective mass for both material systems

as we expect. The results can be analysed as follows:

e The effective mass of GaN,Asyg¢_,Po1 material system is remarkably

greater than that of the host matrix element GaAsyoPg 1.
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e The effective mass of GaN,Asyg¢_,Po1 increases with increasing N con-
centration. These variations point out that the incorporation of 1% N
concentration yields a rapid increase in the effective mass and a further

increase in N concentration cause a slower increment.

e The effective mass of both GaAsy¢Py1 and GaN,Asyg_,Po1 increase as
applied pressure increases. It is noted that the effective mass of qua-
ternary GaN,Asgg_,Po1 material system strongly depends on pressure
whereas pressure dependence of effective mass of ternary GaAsygPq1 is

weaker.

e The effective mass of GaN,Asqqg_ Py alloy tend to have a similar value

at high pressure.
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Figure 7.2: The variation of the effective mass my; of electron in GaAsgy¢Py 1 and
GaN,Asgg_,Po.1 as a function of pressure for varying nitrogen concentrations of

1% - 4% using band anti-crossing model.

7.4 Pressure Dependence of the Optical Confinement Factor

Photon confinement is one of the important requirement to satisfy the las-
ing conditions. We use the five layer dielectric slab waveguide model, which is
discussed elaborately in Chapter 5, to calculate optical confinement factor (I')
[90] for GaN,Asy_,_,P,/GaP/ Al,Ga,_.P taking into account the index of re-
fraction of confining and barrier layers. All the required binary parameters are

provided in Table 3.1. Since the refractive index of GaN is much smaller than that
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of GaAs, the incorporation of nitrogen into GaAs;_,P, decreases the refractive
index of well layer. Thus in order to improve the optical confinement factor (I'),
we offer Al,Ga; .P as a cladding layer which is nearly lattice matched to GaP
barrier in GaN,As;_,_,P,/GaP material system. The calculated rate of change
of T" as a function of Al concentration and pressure for 10% and 20% of phosphide
concentrations is given in Figure 7.3(a) for 1% of N and in Figure 7.3(b) for 3%
of N. We take into account the index of refraction of well and confining layers at

each composition.

Figure 7.3: The calculated values of optical confinement factor I' as a func-
tion of Al concentration in cladding-layer and applied pressure for 10% and 20%
of phosphide concentrations in a) GaNgg1Asgg9—, P,/ GaP/ Al,Ga;_.P and b)
GaNg.03As0.97—y P,/ GaP/ Al,Ga;_.P using five layer dielectric slab waveguide

model.

It is clear from the plotted data, an increase in phosphide and nitrogen
concentration in well cause a decrease in I due to the low refractive index values
of GaN and GaP. As a result, the optical confinement factor of GaN,As;_,_, P,/
GaP/ Al,Ga,_.P becomes smaller than that of host matrix GaAs;_,P, leading a
poor optical confinement. However, the optical confinement can be improved by
means of increasing the Al concentration in cladding-layer of Al,Ga;_.P. As is
seen in Figure 7.3 the optical confinement of compressively strained laser system
of GaN,As;_,_,P,/GaP/Al,Ga,_.P increases rapidly with increasing Al concen-
tration in cladding-layer. Thus strained quantum well structure GaN,As;_,_, P,
that contains high As-, low P- and moderate N- concentration with GaP barriers
and Al,Ga(_,)P cladding-layers offers acceptable strain levels which also trans-

lates into lesser dislocations in the grown material and appears to show promising
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properties as far as optical confinement factors are concerned. As it also seen from

Figure 7.3 the optical confinement factor increases with increasing pressure.

7.5 Pressure Dependence of the Carrier Density

The increase in N concentration will result a narrow bandgap and an in-
creased effective mass. The increase in effective mass will determine the amplitude
between electron-electron and electron-phonon interactions. These variations di-
rectly influence the threshold carrier density and also the non-radiative recombi-
nation mechanism of the material system which determines the performance of
laser device. Therefore, an optimization of all these parameters can be described

as below:

e The calculated variations shown in Figure 7.4 clearly states that the in-
crease in Al concentration decreases the threshold carrier density (nyy,).
This reduction saturates around 40% of Al concentration. As it is stated
previously the optical confinement factor I' has been increased with an
increase in Al concentration. This increase in I' results a decrease in
threshold material gain leading a decrease in ny, too. On the other hand,
transparency carrier density (ny,) is independent of Al concentration.
Additionally, the increase in N concentration yields much higher ny,’s as

well.

e The pressure dependence of ny, comes from the pressure dependence of
- as it is a major parameter, see Eqn. 6.5. Transparency carrier density
is mainly determined by the effective masses of electrons and holes. As
the electron effective mass (m,.) increases under the influence of applied
pressure, the mass ratio (R,,) also increases. Therefore, ny,. increases,
see Eqn. 6.4, causing an increase in ny,. Additionally, the increase in N

concentration yields higher n;,.’s as well.

e Both transparency carrier density n, and threshold carrier density ny,
increase with pressure. It is clear from Figure 7.4 that the increase in ny,
and ny, with pressure is faster for low N concentration than that of high N
concentration. This is due to the variation in effective mass with respect
to individual N concentration; for low N concentration the variation in
effective mass is higher whereas it is lower for high N concentration as

indicated in Figure 7.2
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Figure 7.5 shows the variation of n;,. and ny, values as a function of ap-
plied pressure and Al concentration in cladding-layer for 10% and 20% phosphide
concentration. The nitrogen concentration is held at 3%. As clearly seen from
Figure 7.5, n, increases with increasing phosphide concentration and pressure.
Therefore, in order to keep the ny, values as low as possible, one should prefer the
lowest possible phosphide concentration. As we have shown in Figure 7.3 opti-
cal confinement factor I' decreases with phosphide concentration. This reduction

cause a significant increase in ny, with an increase in phosphide concentration
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as illustrated in Figure 7.5. Therefore, an increase in phosphide concentration
decreases the effectiveness of aluminium incorporation to reduce the threshold

carrier density.

7.6 Pressure Dependence of the Threshold and Radiative Current

Density and Comparison to Experimental Results

We now investigate the normalized radiative current density (J,.q) versus
pressure for different nitrogen concentrations at 300K, see Figure 7.7(a). As seen
from these variations radiative current density increases with pressure and ni-
trogen concentration. Even though the effective mass of electron increases with
pressure, the broadening in bandgap and the increment in threshold carrier con-
centration cause an increase in normalized radiative current density with pressure.
These theoretical results are in good agreement with the experimental data taken
at 100K by Chamings et. al. [66].

To make an accurate analysis of the threshold current density (Jq,), we
need to understand how intrinsic loss mechanism contributes to non-radiative
recombination, which affects the device performance negatively. For the opto-
electronic devices that operate in long wavelength region, Auger recombination
mechanism, can be considered as a major intrinsic loss mechanism. In Auger
recombination , an electron and a hole recombine across the bandgap without
emitting a photon, instead this energy is used up by a third carrier to promote
itself into a higher energy level. Such processes are very important for narrow
bandgap lasers where this process causes carrier recombination without produc-
ing useful photons, therefore causing an increase in the threshold current density
(Jin). There are two possible Auger recombination mechanism as illustrated in
Figure 7.6: band-to-band (direct) and phonon-assisted Auger recombination pro-
cesses which contributes to (Jy,). When the recombination energy of an electron
and hole is used up by an electron to promote itself into a higher energy level
in the conduction band, this process is called CHCC process. Alternatively, the
recombination energy can be used up by a hole to promote itself deeper into the

valance band. This process is called CHSH process.

Auger recombination process involves three carriers and using Boltzmann
statistics, the Auger term varies as n?,. The threshold current density is simply
given by

Ji, = Cn3, (7.4)

where C is the Auger recombination coefficient. This expression is based on Boltz-

73



mann statistics, parabolic conduction and valance bands, and assumes therefore

that the Auger term C is not carrier density dependent.

ET CHCC CHSH p-CHCC
r CcB CB

HH HH
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Figure 7.6: Auger processes can be categorized as follows: a) Direct CHCC, b)
direct CHSH, ¢) phonon-assisted CHCC and d) phonon-assisted CHSH.

Direct Auger processes

The direct Auger recombination rate can be expressed as [95]
Cy = CyeFa/kaT (7.5)

where FE, is the activation energy which can be written for CHCC process as

M

B, (CHCC) = E, (7.6)

me + Mpp,

A e me (mps, + me) | M..|?
h &2 (thh —i—mc)2 kgT

C, (CHCC) = (7.7)

where m,. and my,;, are the conduction band electron and valence band heavy-hole
mass respectively. |M,.| is the matrix element of the electron-electron interaction
which can be taken for the CHCC process as [95]

n o\ m, E,
me 3E§’

|Me|* (CHCC) = ( (7.8)

2m,

Substituting Equation (7.6), Equation (7.7) and Equation (7.8) into Equation
(7.5) and considering only pressure dependent terms, the direct Auger recombi-

nation rate for the CHCC process becomes

Mo (Mpp +me) 1 Me E, )
C,(CHCC — — 7.9
¢ ( ) . (thh + mc)2 Eg °xXp ( Me + Mpp kaT ( )

Using the same model, the activation energy and coefficient for the direct CHSH
Auger process can be written as
ms (Ey — A)

Ea(CHSH) = 5t =

(7.10)
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4 et

C,(CHSH) = — (

| M| (7.11)

et (mmn\ P my (2mp, + me — my)
h e?

(2mhh + mc)2

with the matrix element for the electron-electron interaction in the CHSH process

My

given by

(7.12)

2
’Mee|2 (CHSH) = ( h2 ) fCHfSH

2m, E,A
where foy and fsy are oscillator strengths which can be represented in the Kane
model by [95]

E, E, h?k2 ms
e A 1+ 7.13
fer 3Eg’f U= 3N(B, + A) 2my ' my (7.13)

where £, is the energy equivalent of the momentum matrix element which is

evaluated for different semiconductors by Lawaetz [95]. Here & is the solution of
E, — A —¢g5(ky) =0. (7.14)
Thus |J\/[ee|2 can be written as

2
n? ) E?
2m,) 9E,A (Eg+ A)

|M..)* (CHSH) = < (7.15)

Similarly, the pressure dependence of the direct CHSH Auger rate can be found by
substituting Equation (7.15), Equation (7.11) and Equation (7.10) into Equation
(7.5)

Cy(CHSH) oc(

mhh)Qms (2mpp + me — my) 1

My (thh + mc)2 EgAQ (Eg + A)
< My E, — A)

x exp | —

2mpn + me —ms kT

(7.16)

where m, is the mass of the spin-split-off band, A the spin-split off energy, and

My = Mpp + Myp.

Phonon-assisted Auger processes

In phonon-assisted Auger process conservation of momentum can be fullfilled by
the phonon (see Figure 7.6). The phonon-assisted Auger recombination rate is

given by Goniil [95] as

A [4me?\? M, |*| M., |? 1 hw/kpT
Cp = — (i) —| hwi’l |T | _ > + 67 . (717)
2h et — 1| (uEy + hw) (RE, — hw)
with
Eg = Eg, /1 = mc/mhh (718)
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for CHCC process and

Eg = Eg — A,ﬂ == ms/mhh (719)
for CHSH process. A is the area of the QW, iE, is the kinetic energy associated
with the forbidden intermediate state, and fiw is the phonon energy. In addition
to electron-electron interaction | M,.|, in this case the electron-phonon interaction
|M.,| is involved and this is described by [95]

QO D2hw

M,|* = 7.20

where D is the deformation potential, v, is the velocity of the sound and M is the
sum of the masses of the atoms in the elementary cell of volume €2y. The matrix
element for electron-electron interaction |M,.| is given by Equation 7.8 and 7.15
for the CHCC and CHSH Auger processes, respectively. Therefore, the pressure
dependence of the CHCC Auger rate can be derived by substituting Equation
7.18, Equation 7.20, and Equation 7.8 into Equation 7.17, gives

c

C,(CHCC) mo(%)2 (%) | (7.21)

Similarly, substitution of Equation 7.15, Equation 7.19, and Equation 7.20 into
Equation 7.17 yields

2
C,(CHSH) oc —hh ! ~
ms E,A2(E, + A) (E, — A)

(7.22)
Using these expressions, the pressure dependence of threshold current den-
sity for direct and phonon-assisted Auger rates in GaN,Asg g, Po.1/GaP/Aly3Gag 7P
for different nitrogen concentrations are calculated and presented in Figure 7.7
over a pressure range of 0-1 GPa. The pressure dependence of direct and phonon-
assisted CHCC and CHSH Auger rates, C’s, have been determined at 300 K using
above expressions [96] based on parabolic bands and Boltzmann approximations.
The calculated results that are illustrated in Figure 7.7 and can be summarized

as follows:

e J;;, due to direct and phonon-assisted Auger CHCC and CHSH processes
increase with increasing pressure as shown in Figure 7.7. Thus these non-
radiative recombination processes becomes significant with an increase in

bandgap.

e J;, due to direct CHSH Auger process is insignificant at low pressure and

it becomes significant with an increase in pressure, see Figure 7.7(a).
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e J;, due to phonon assisted Auger processes varies strongly with nitrogen
concentration, see Figure 7.7(b). Phonon-assisted CHSH process becomes
an insignificant loss mechanism at high pressure region for highly N incor-
porated material systems. In contrast, J;, due to phonon-assisted CHCC

Auger process increases with both N concentration and pressure.

e J;, due to direct CHCC process increases more rapidly with pressure than
the others. As a result direct CHCC can be considered as the major loss
mechanism at 300K. Therefore, there is a photon loss and the energy of
this lost photon is absorbed by an electron in conduction band to promote

itself into a higher lying energy.
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Figure 7.7: Theoretical values of normalized threshold current density corre-
sponding to a) radiative and direct CHCC and CHSH processes and b) phonon-
assisted CHCC and CHSH processes for GaN, Asgg_,Po1/GaP/Aly3Gag7P as a

function of pressure for %1 and %4 nitrogen concentrations at 300K.

As an overall, it can be concluded that the unusual increase of the Auger threshold
current density with pressure in GaN,Asgg_,Po is due to the rapid increase in

threshold carrier density.

There exists an experimental data of threshold current density for GaNg g4
AsysPo.16/GaP/Aly23Gag 77P material system obtained by Chamings at el [66].
These experimental values are obtained at 100K. In order to provide a compar-
ison of our threshold current calculations with that of the experimental results,
we repeat our calculations for GaNg o4AsgsPo.16/GaP/Alg23Gag 77P at 300K. We
perform our calculations at 300 K since there is no available consistent param-
eter set obtained at 100 K. Our corresponding results are illustrated in Figure

7.8. As can be seen from these variations our calculations belonging radiative
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and non-radiative parts are in agreement with experimental results. Keeping the
temperature difference in our mind, we can state that CHCC process dominates

the threshold current density.

The threshold current of diode lasers typically increases with temperature
[97]. Therefore we should expect that our calculated Auger recombination rates
and the corresponding threshold current densities at 300 K must be greater than
that of the experimental values obtained at 100K. The comparison of the exper-
imental data obtained by Chamings at el [66] with that of our calculated results
provided in Figure 7.8 shows that this is indeed the case.
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Figure 7.8: Experimental (at 100K) [2] and our theoretical normalized current
density (at 300K) corresponding to GaNgg4AsgsPo1s/ GaP/ Alya3Gag 7P as a

function of pressure.

Finally, in order to reveal the overall effect of phosphide concentration on
non-radiative threshold current density we provide a comparison of the current
density of highly strained nitrogen-free GaAs;_, P, with that of GaNg o3Asg.97—yPy
as a function of pressure for 10% and 20% phosphide concentrations at 300K. We
kept the N concentration as being 3%. A close investigation of Figure 7.9 points

out the followings;

e The normalized threshold current density due to different Auger processes
increases with pressure at different rates. These differences arise as a
result of the increase in threshold carrier density with increasing pressure

and the different rate of increase of Auger recombination processes with

78



hydrostatic pressure.

e The comparison of normalized threshold current density due to different
Auger processes for ternary GaAs;_,P, with that of quaternary GaN,
Asy_,_,P, shows that the incorporation of N into GaAs;_,P, decreases

the threshold current density, see Figure 7.9(a).

e The threshold current density increases with P concentration for both

direct and phonon assisted processes apart from direct CHCC process.
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Figure 7.9: Normalized threshold current density corresponding to direct
and phonon-assisted Auger rates for a) GaAsgoPo1/ GaP/ Alys3Gag;P and
G&N0.03A80.87P0.1/ G&P/ Alo.gGa()jP b) G&N0.0gASO.g7_yPy/ G&P/ A10,3Ga0,7P

containing 10% and 20% P concentration in terms of pressure.

7.7 Summary

The results of a theoretical threshold current density of dilute nitride phos-
phide GaN_As;_,_,P, well material with GaP barriers and Al,Ga;_.P cladding
layer on GaP substrates and hence on Si substrates is provided for the first time up
to our knowledge. We have shown that optical confinement factor increases with
an increase in Al concentration in cladding layer which is essential for better op-
tical confinement. It has been calculated that the incorporation of N into GaAsP
increases the effective mass of electron causing the quaternary GaN,As;_,_,P,
having an idealized band structure. The pressure dependent calculations showed
that all Auger recombination rates and threshold carrier density increase with hy-
drostatic pressure. These cause in turn an increase in threshold current density

which is in agreement with experimental data.
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It has been shown that the threshold current density of GaN,As,_,_,P,/
GaP/Al,Ga;_,P is lower than that of nitrogen free counterpart. In order to lower
the threshold current density one should prefer GaN,As;_,_,P,/GaP/Al,Ga;_,P
material system with a higher As concentration since it provides better carrier
and optical confinement. Threshold current density J;;, due to different Auger
processes have shown that CHCC Auger mechanism is the most important loss
mechanism in GaN,As;_,_,P,/GaP/Al,Ga;_,P QW laser systems at 300K. On
the other hand, J;, due to phonon-assisted CHSH mechanism is the less sig-
nificant one in the same material system. Therefore, CHCC process should be
the primary concern for optimization of Ga(NAsP)/GaP laser devices for all N

concentrations.
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CHAPTER 8

THESIS SUMMARY AND FUTURE WORK

The work carried out in this thesis is the results of a detailed comparative
theoretical analysis of dilute nitride direct bandgap GaN,As;_,_,P,/GaP as well
as GaAs;_,P,/GaP alloys on Si substrates. The nitrogen and phosphide con-
centration dependence of band gap, band alignment, strain and effective mass is
studied, and their influence on optical gain are identified. Optical confinement
factor, differential gain, transparency and threshold carrier density, and threshold
gain as functions of nitrogen and phosphide concentration in well and aluminium
concentration in barrier are determined. We have shown that it is practical to
engineer the band gap of GaN,As;_,_,P,/GaP in comparison to GaAs,_,P, due
to its quaternary nature which provides more degree of freedom to engineer suit-
able E_ energy band. Although conclusions of each chapter have already been
presented at the end of the related chapter, we briefly summarize the major
conclusions that could be derived from the thesis work and gather them in this

chapter.

Our theoretical calculations indicate that incorporation of nitrogen con-
centration into host matrix GaAs;_,P, improves the band alignment and ef-
fective mass of carriers of GaN,As;_,_,P, determinedly. The calculations of
optical confinement factor I' by using five layer dielectric slab waveguide model
indicates that optical confinement factor of GaN,As;_,_,P,/GaP is poor. The
combined effect of the effective mass and optical confinement factor on differ-
ential gain, transparency and threshold carrier density, and threshold gain in
GaN,As;_,_,P,/GaP degrades compared to that of highly strained GaAs;_,P,,.
However, the optical confinement factor of GaN,As;_,_,P,/GaP can recover by
means of using Al,Ga;_.P cladding layer. Our calculated results suggest that
carrier confinement can be markedly improved and strain values are decreased
with introduction of N concentration into host matrix GaAs;_,P, while reduc-
ing the threshold current of the laser device generated by the dominant loss
mechanism direct CHCC process. Therefore, GaN,As;_,_,P,/GaP/Al,Ga;_,P
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compressively strained type I QW with larger As and N concentration can be

offered as an innovative laser system on Si substrates.

Recent experiments and theoretical investigations have shown that nitrogen-
based heterostructures have an important role in future device applications be-
cause of their unusual fundamental properties. Ga(NAsP) and related materials
is the center of great interest as QW lasers to be used in telecommunication.
There are great number of studies about Ga(NAsP) being a successful candidate
for high speed transistors, high efficient solar cells, long wavelength infrared pho-
todetectors etc. As a future work, we want to deal with transport properties of
Ga(NAsP) quantum wells, wires and dots and investigate surface characteristics

of N-based layers.

Band gap, effective mass and spin-orbit-splitting energy are the most im-
portant band structure parameters which determine the Auger recombination
mechanisms. As we have shown that incorporation of N and Bi into GaAs re-
sults a unique material system Ga(NAsBi) whose bandgap corresponds to a wide
energy spectrum in the long wavelength region. This narrow bandgap property
arises the question of how does the increased spin-orbit splitting band inter-
act with the bandgap? As a future work we aim to reveal the consequences of
strong increase in spin-orbit-splitting energy with increasing Bi composition on

the Auger recombination loss mechanisms.
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