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ABSTRACT

THEORETICAL INVESTIGATION OF THE EFFECT OF NITROGEN ON
OPTICAL AND ELECTRONIC PROPERTIES OF GAINASN
SEMICONDUCTORS

KOKSAL, Koray
Ph.D. in Engineering of Physics
Supervisor: Prof. Dr. Besire GONUL
Co-Supervisor: Prof. Dr. Besire GONUL
September 2009, 95 pages

Nitrogen incorporated III-V semiconductor alloys which have striking fun-
damental properties, play very important role in technology. Recently, because of
their different band structure compared with other III-V’s, ITI-N-V semiconduc-
tors have been produced by modern thin film techniques and there is an increased
number of scientific studies about this subject. One of the most important and
interesting characteristics of III-N-V’s is the splitting of conduction band and
the rapid reduction of the band gap due to nitrogen impurities. While usual
impurities causes insignificant perturbation in band structure of II1I-V semicon-
ductors, little fraction of nitrogen impurities results in significant changes in
band structure because of the big difference in electronegativity, atomic size and
ionization energy between N and V group elements. This anamolous charac-
teristics of III-N-V compound semiconductors provides opportunity to produce
different devices.

The aim of this thesis is to investigate profounds of nitrogen contain-
ing III-V semiconductors in fundamental properties proven experimentally and
device applications and to propose new device materials. In this thesis, we
have presented an overview of the fundamental properties of nitrogen incorpo-
rated GalnAs semiconductor and the physics behind of unusual characteristics
of GalnAsN.

GalnAsN has been proposed to improve quantum well lasers which can pro-
duce the laser beam in wavelength of 1.3 um, 1.55 pm and 2.3 pm and are needed
in telecommunication and satellite technology. As indicated by a great number
of studies in literature, GalnAsN is ideal as a well layer in QW lasers. As exper-
imentally proven, GalnAsN based QW’s have efficient confinement of electrons
and light, and high temperature performance. Therefore, we have compared the
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band alignments of the nitrogen-free and nitrogen-included laser devices on GaAs
and InP substrates. We have seen that the band alignment of strained GalnAsN
QW laser systems on InP is better than that of the GaAs substrate and both sub-
strates provide deeper conduction wells and the introduction of opposite strain
to the barrier results in deep electron wells which is essential to have good high
temperature characteristics. Furthermore, our calculations show that the band
alignment of conventionally strained GalnAsN/InP QW laser systems with high
indium concentration (beyond 53%) compete with the ideal band alignment of
GalnAsN / GaAs lasers.

We have presented the calculations to investigate the role of N and Sb
on the critical thickness(h.) of strained GalnAsNSb QWs on GaAs and InP
substrate for (001) and (111) orientations. These calculations have shown that
the limitation of h, is eliminated by means of using the compressive GalnAs/InP
wells. The addition of Sb and In atoms into the system has similar effects on h..
The use GaAs,Sb;_, QW instead of In,Ga;_,As brings an advantage from the
point of view of h.. We have shown that the growth of indium rich GalnAsN
QW is possible on InP substrates due to the improved critical layer thickness.
Although GalnAsNSb has still the constraint of critical layer thickness, its growth
on InP brings improvements in critical thickness.

We have presented a new analytical method to investigate the effect of
nitrogen on intrinsic carrier density, screening parameter, effective Bohr radius
and binding energy of shallow donors in GaAsN alloys. We have investigated the
relation between the binding energy of hydrogenic shallow donor in bulk GaAsN
alloys for different screening parameter and nitrogen concentrations. Further-
more, we have noticed that an increse of screening parameter appearing in our
work causes a decrease in binding energy.

Optical mode confinement is one of the basic ingredients while designing the
semiconductor quantum well lasers. We have investigated the refractive indices
and the corresponding optical confinement factors of the proposed GalnAsN laser
material systems on GaAs substrate. We have compared conventional and N-
based quantum well laser systems to find which has better optical confinement.

Key words: GalnNAs(Sb), nitrides, optical confinement, electron confinement,
critical thickness, band offsets, donor binding energy.



OZET

NITROGEN’IN GAINASN YARIILETKENLERIN OPTIKSEL VE
ELEKTRONIK OZELLIKLERI UZERINDEKI ETKILERININ TEORIK
ANALIZI

KOKSAL, Koray
Doktora Tezi, Fiz. Miih.
Tez Yoneticisi: Prof. Dr. Begsire GONUL
Tez Yonetici Yardimcisi: Prof. Dr. Besire GONUL
Eyliil 2009, 95 sayfa

Nitrojen katkili ITI-V yariiletken malzemeler ilging temel ozellikler tagi-
makla birlikte, teknolojik olarak biiyiik bir énem arzetmektedir. Son yillarda,
band yapilarinin I1I-V’lere gore farkli 6zellikler gostermesinden dolayi, III-N-V
yariiletkenler ileri ince film biiyiitme teknikleri sayesinde sorunsuz bir sekilde
iiretilmis ve yapilan bilimsel arastirmalar yogunlagmigtir. Bu malzemelerin en
onemli ve dikkate deger ozelliklerinden biri, iletim bandinin az miktarda nitrojen
safsizliklardan dolay1 ikiye boliinmesi ve band araliginin hizli bir gekilde azal-
masidir. Az miktardaki siradan safsizhigin band yapisinda meydana getirdigi
degisiklik az iken, nitrojen ve V. grup elementleri arasindaki yiiksek elektronegat-
iflik, iyonlagma ve biiyiikliik fark: yiiziinden , az miktardaki nitrojen katkisi ¢ok
biiyiik degisikliklere sebep olmaktadir. Bu ozelliginden dolay1 III-N-V bilesik
yariiletken malzemeler teknolojide farkli cihazlarin {iiretilme yolunu ag¢mugtir.
Mesela, GalnAsN’lar telekominikasyonda ve uydu iletisim teknolojisinde kul-
lanilan 1,3; 1,55 ve 2,3 pum dalga boylarinda lazer iiretebilen kuantum kuyu
lazerleri gelis tirilmek i¢in onerilen bir malzemedir. Literatiirdeki bir ¢ok calig-
mada belirtildigi gibi, InGaAsN yariiletkenleri kuantum kuyu lazerleri igin ideal
bir kuyu malzemesidir. Yine deneysel olarak kanitlanmistir ki, bu malzemeler bi-
linen malzemelere gore elektronlar: ve 15181 daha fazla hapsedebilmekte ve yiiksek
sicakliklarda elektron sizintisina izin vermemektedir.

Bu tezin amaci, nitrojen katkili ITI-V yariiletken bilegiklerin deneysel olarak
gosterilmig temel 6zellikleri ve cihaz uygulamalar ile ilgili tistiinliiklerini teorik
olarak incelemek, yorumlamak ve bu konuda yapilabilecek farkl calismalara bir
kap1 agmak icin yeni malzemeler nermektir. Bu tezde, nitrogen katkili GalnAs
yariiletkeninin temel 6zellikleri ve siradigi karakteristiginin altinda yatan fizik
tizerinde duruldu.
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GalnAsN, uydu ve iletigim teknolojisinde kullanilan 1,3 pm, 1,55 pm ve
2,3 pm dalgaboylarinda lazer 1511 tiretebilen kuantum kuyu lazerlerinin geligtir-
ilmesi icin onerilmig bir malzemedir. Literatiirde mevcut bulunan c¢ok sayi-
daki ¢aligmada da ifade edildigi gibi, GalnAsN kuantum kuyu lazerlerinde kuyu
malzemesi olarak oldukga idealdir. Deneysel olarak da gosterilmistir ki, GalnAsN
bazli kuantum kuyularinda, elektron ve 1sik etkin bir bicimde hapsedilebilir ve
yiiksek sicakliklarda iyi bir performans gozlenir. Bu bilgiler dogrultusunda |,
biz de nitrojen iceren ve icermeyen GaAs veya InP iizerine biiyiitiilmiis lazer
cihazlarimin band hizalanmasini inceledik. Sonugta goriildii ki, deformasyona
ugramis GalnAsN kuantum kuyu lazerlerinden InP iizerine biiyiitiilenler GaAs
iizerine biiyiitiillenlerden daha iyi band hizalanmasina sahiptirler ve her iki tu-
tucu da daha derin bir iletim kuyusu saglar. Bununla birlikte, bariyer malzeme-
sine, kuyununkine uygulananin tersi yéniinde deformasyon uygulanirsa yiiksek
sicakliklarda yiiksek verime yol acan derin elektron kuyusu elde edilmig olur.
Ayrica, hesaplamalarimiz gosteriyor ki, yiiksek indium yogunluguna sahip defor-
masyona ugramis GalnAsN/InP kuantum kuyu lazer sistemleri GalnAsN/GaAs
lazerlerinin ideal band hizalanmasi 6zelligi ile yarisabilecek durumdadir.

Nitrojen(N) ve antimonite(Sb) katkisinin, GaAs ve InP ile (111) ya da
(001) yoniinde biiyiitiilmiiy deformasyona ugramig GalnAsNSb kuantum kuyu
lazerlerinin kritik kalinliklari izerindeki roliinii incelemek icin hesaplar yapildi.
Bu hesaplar gosterdi ki, deformasyona ugramig GalnAs kuyularinda kritik kalin-
ligin siirlar1 InP {izerine yapilan biiyiitme ile agilabilir. Indium gibi, Sb katkis
da kritik kalinlig1 diigtirmektedir. Fakat, kuyu malzemesi olarak InGaAs yerine
GaAsSb’in kullanilmasimin, kritik kalinlik acisindan yararl oldugu goriilmiistiir.
GaAsSb’in kritik kalinligi InGaAs’a gore oldukga biiyiiktiir. Bu ¢alismada, InP
iizerine biiyiitiilen GalnAsN’in kritik kalinligy iyilestirdigi saptanmigtir. GalnAsNSb
kritik kalinlik agisindan sinirh bir malzeme olmakla beraber, InP iizerine biiyiitiildiigiinde
kritik kalinlikta artig gozlemlenmistir. Yeni bir analitik metod kullamlarak, ni-
trojen katkisinin GaAsN alagimi i¢inde bulunan sig donérlerin baglanma ener-
jisi ve etkin Bohr yaricapi ile perdeleme parametresi ve tasiyict yogunlugu iiz-
erindeki etkisi incelenmigtir. Nitrojen ve baglanma enerjisi arasinda giiclii bir
ilig ki vardir. Ayrica perdeleme parametresinin yiikselmesi baglanma enerjisinin
diismesine sebep olmaktadir. Yariiletken kuantum kuyu lazerlerinin dizaym igin
temel faktorlerden bir tanesi de optiksel mod hapsolmasidir(1g1¢in hapsedilmesi).
GaAs ve InP iizerine biiyiitiilmiis GalnAsN lazer malzemelerinin kirilma indisi
ve buna bagh optiksel hapsolma faktorleri incelenmigtir. Hesaplama sonuglar:
gostermigtir ki, 1,3 pum ITI-V lazer sistemleri optiksel hapsolma faktorii bakimin-
dan ITI-N-V lere gore daha iyidir. Bununla birlikte, hesaplarimiz optiksel hapsol-
manin deformasyon telafili bariyerler sayesinde iyilestirilebilecegini gostermistir.

Anahtar kelimeler: GalnNAs(Sb), azot, optiksel hapsolma, elektron hapsol-
masi, kritik kalinlik, band genipligi, baglanma enerjisi.
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CHAPTER 1

INTRODUCTION

Semiconductors are very important for device applications of electronics
and optoelectronics in technology. Initial work about semiconductors was based
on Si, Ge and GaAs of which fundamental properties are now well known. After
the possibility of alloying, different semiconductor alloys could be produced which
have new fundamental and electronic properties. For example, GaAs and AlAs
lattice matched binary semiconductors can be alloyed and one can produce Al-
GaAs which has different characteristics from GaAs and AlAs. Anymore, lattice
mismatched alloys have been growth via modern growth techniques.

Ga(In)AsN which is an example of lattice mismatched alloys has unusual
properties and advantageous in device applications. GalnAsN can be grown on
GaAs, InP and last years Si and GaP. This material is proposed to be used
in quantum well laser systems, infrared detectors, high-efficiency multijunction
solar cells and high speed transistors. Furthermore, it has very important physics
because N atoms affect the band structure anomalously, split the conduction
band in two parts and a few percent of nitrogen concentration in InGaAs causes
a huge reduction in band gap.

Kondow et al. have proposed application of GalnAsN to optoelectronic
devices [1]. GalnAsN can be used as a light-emitting material with a band gap
energy suitable for long-wavelength laser diodes(1.3 — 1.55 ym and longer wave-
lengths) and can be grown pseudomorphically on a GaAs substrate. By combin-
ing GalnAsN with any wide band gap materials that can be grown on a GaAs
substrate, it is possible to achieve a Type-I band lineup and ideal band offset.
This allows to fabricate very deep quantum wells which bring many advantages
in terms of laser performance, including high operating speeds and excellent
temperature stability of threshold current and lasing wavelength. GalnAsN is
also promising as a material for use in long-wavelength vertical-cavity surface-
emitting lasers (VCSELSs), because a GalnAsN active layer can be grown on
a highly reflective GaAs/AlAs distributed bragg reflector (DBR) mirror over a



GaAs substrate in a single stage of epitaxial growth [2, 3].

The field of intersubband transitions (ISBTs) which is basic of quantum
well infrared photodetectors(QWIP) is important in electron accumulation layers
in GaAs based QWs. GalnAsN QWs have been proposed to use as QWIPs to
reach wavelengths below 4 pm [4], current limit in GaAs based materials. The
first observations of ISBTs were made recently in GalnAsN/GaAs QWs [5], of
which the ideal band offset, specially large conduction band offset makes it good
candidate for QWIPs. Recently, intersubband transitions(ISBTs) at very short
wavelengths(1.24 pum) were reported in highly confined GalnAsN QWs [6, 7].

Because of its low-band gap characteristics, GalnAsN can be used as solar
cells to efficiently collect the low-photon-energy portion of the solar spectrum.
However there are some problems to use GalnAsN as a solar cell material. Al-
though the collection of minority carriers is central to the function of solar cells
2], N into GalnAs dramatically reduces the mobility and minority-carrier life-
time. Nevertheless, new works are currently performed to overcome the problems
of short minority carrier life times and low-diffusion lengths which lower the ef-
ficiency in conventional GalnAsN solar cells [8]. The incorporation of GalnAsN
in the base of heterojunction bipolar transistors is a scientifically interesting and
commercially important addition to the material and band gap engineering ca-
pabilities for III-V compound devices [9]. There are also new works on using of

GalnAsN in high speed transistors and its transport properties [10].

1.1 Historical Background

In the mid-1960s, the studies on nitrogen impurities in the semiconductors
showed that substitution of small amount of nitrogen(10'® — 10! ¢cm™3) into
GaP produces bound states in the forbidden band gap of this material and it
was reported that isolated N atoms and NN pair states can bound exciton. In the
late-1960s, it was found that the isolated N state lies above the conduction band in
GaAsP and InGaP for some values of In or As concentration. Later, it was shown
that the pressure dependence of N level is much smaller than that of the band gap.
During the extensive studies were performed on optical properties of GaAsP:N,
the observation of the N state in GaAs remained elusive. In the early 1980s,
N state was forced into the band gap of GaAs by the application of hydrostatic
pressure and therefore photoluminesence was observed. The incorporation of
much higher N content into GaAs was reported, large band gap bowing was
observed in GaAs;_,N, with 0 < x < 0.015 in 1992 by Weyers et al. and in 1994
by Kondow et al. for the first time. In 1996, Sato et al. succeeded in growing

GalnAsN with excellent crystallinity despite the previous failure of several groups
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to do this. A dislocation-free III-V-N layer was grown on a Si substrate for the
first time by molecular beam epitaxy (MBE) by Yonezu et al. in 1998. The
GalnAsN alloy also was grown on InP substrates in order to extend the emission
wavelength range as compared with conventional GalnAsP alloy by Gokhale et al.
in 1999. Sopanen et al. first reported the fabrication of GalnAsN quantum dots
by self-organization using gas-source molecular beam epitaxy (GSMBE) in 2000.
The role of hydrogen on dilute nitrides was investigated firstly in 2002. It was
reported that, the incorporation of hydrogen passivates the N-related electronic
states and increases the band gap. The studies have been performed on electron
spin dynamics in dilute nitride compounds since 2005. An experimental and
theoretical study on the absorption coefficient of GalnAsN quantum wires was
also published in 2006 by Feltrin et al. and may lead to novel detector devices.

In order to explain unusual behaviour of GalnAsN, a large number of stud-
ies has been performed and some models have been proposed. Band anticrossing
model is proposed by Shan et al. in 1999 which describes the strong band gap
bowing observed at low N composition in Ga(In)AsN in terms of an interac-
tion between the Ga(In)As host matrix conduction band edge and a higher lying
band of localized N states. O’reilly et al. applied the k - p method to GaAsN
in 1999. Whereas in previous studies 8-band k - p has been used to calculate
the band structure of GaAs, O’reilly et al. proposed modified 10-band k - p
Hamiltonian for GalnAsN in which the additional 2 bands indicate localized N
state. In 2001, Kent et al. developed an atomistic model based upon large-
scale atomistic supercell calculations and the empirical pseudopotential method
which is able to explain some experimentally observed phenomena in GalnAsN.
In this study, the model is compared with band anticrossing model. Lindsay
and O’Reilly developed an accurate sp3s* tight-binding Hamiltonian to describe
the electronic structure of GalnAsN in 2002. They compared the results with
observed experimental data and pseudopotential calculations.

Device application of N incorporated semiconductors began in 1960s. In
the years between 1968 and 1972, green light emitting diodes (LEDs) based on
GaP:N, LEDs based on GaAsP:N (peak emission energies in 1.8 — 2.2 eV range)
and optically-pumped laser action (stimulated emission) in GaAsP:N were re-
ported. First operataional laser diodes based on III-V-N semiconductor alloys
were reported in 1994. Laser operation of a GalnAsN wvertical-cavity surface-
emitting laser (VCSEL) diode emitting at 1.2 pym (at room temperature and
pulsed) was achieved for the first time in 1997 by Hitatchi group. Geisz and
Friedman addressed the application of III-N-V semiconductor alloys to high-
efficiency multijunction solar cells in 1998. The incorporation of GalnAsN in

the base of heterojunction bipolar transistors was proposed in 1999. In 2000,
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1.3 pm-range, room-temperature, continuous wave operation was realized and
first demonstration of 10—Gb/sec, 10—km communication was performed by a
group. In 2001, GaInAsN VCSELs went on the market. While the first observa-
tions of intersubband transitions in GalnAsN/GaAs QWs were made by Duboz
et al. in 2002, the first fabrication and characterization of quantum well infrared
photodetectors based on GaAsN and GalnAsN was reported in 2003 and 2007,

respectively.

1.2 Thesis Outline

In this thesis, we aim to investigate some optical and electronic properties
of GalnAsN for QW lasers applications. These properties have been not carried
out by previous studies up to our knowledge.

In chapter 2, we discuss the origin of the unusual physical properties of
GalnAsN. We present the issue of isoelectric impurities in semiconductors and
the difference of nitrogen from other conventional isoelectronic impurities. We
discuss the effect of nitrogen bound states on conduction band of GalnAs and
introduce band anticrossing model.

We examine the relative band alignment of the band edges of Ga; _,In, As;_,N,
between the quantum well and the barrier in chapter 3. We present band align-
ment calculations for GaAs and InP substrates with strained and strain com-
pensated barriers. These calculations reveal the advantageous of N incorpora-
tion into InGaAs systems and show how nitrogen improves electron confinement.
This chapter consists of two parts; first part is dealing with GalnAsN with low
In concentration to produce 1.3 and 1.55 pm, second part is concentrated on
GalnAsN with high In concentration to produce 2.3 pm. Band anti crossing
model(BAC) which explains the conduction band splitting due to N addition
into InGaAs is used to calculate band gap and model solid theory is used to
obtain the corresponding band alignments.

In chapter 4, we calculate critical thickness(h.) values for Ga(In)As(N)(Sb)
QW due to the strain compensating effect of N atoms. Additionally, the effect of
antimonite(Sb) and indium(In) on critical thickness of quantum well material is
investigated. The effect of growth directions of (111) and (100) is shown for dif-
ferent alloy combinations of Ga, In, N, As and Sb. Furthermore, we investigate
substrate dependence of h. of (Ga)InAs(N)(Sb) wells grown on InP and GaAs
substrates. In this chapter we use interpolation method to calculate the para-
meters of ternary, quaternary and quinary heterostructures. Critical thickness
calculations are performed by means of using force balance model of Matthews
and Blakslee.



The effect of nitrogen on binding energy of shallow donors in GaAsN alloys
is examined in chapter 5. We derive an analytical solution of screening coulomb
potential in this study. Binding energy of shallow donors is calculated by using
this analytical solution. Strong nitrogen concentration dependence of intrinsic
carrier density, screening parameter and effective Bohr radius are investigated.
We explain the meaning of screening parameter for GaAsN as the inverse of
screening parameter being equal to another well known parameter, Debye length.

Chapter 6 introduces a theoretical investigation of optical confinement fac-
tor of GalnAsN based quantum wells. We examine how the refractive index
of GalnAsN material is affected by nitrogen and indium concentration and the
wavelength of applied photon. A comparative study of optical confinement fac-
tor of GalnAsN wells is undertaken by means of considering the refractive index
differences between the well and that of barrier and cladding layer. Refractive in-
dex calculations are performed by using Adachi’s model and optical confinement
factor is calculated by five-layer slab model.

Chapter 7 gather together the major conclusions from the work described

in this thesis. Future work is also provided in this chapter.



CHAPTER 2

THE PHYSICS BEHIND
INCORPORATION OF NITROGEN
INTO GAINAS

2.1 Introduction

Alloying semiconductors with large size-mismatched atoms induces unusual
electronic properties that can be exploited in a range of otherwise unavailable
applications, such as long wavelength lasers and high performance solar cells
[11]. In III-V semiconductors, the replacement of a few percent of the group V
element by small, highly electronegative and isoelectronic nitrogen atoms results
in a dramatic reduction of fundamental band gap of approximately 100 meV
per atomic per cent of nitrogen. This enables the band gap of the resulting
dilute ITI-V nitride alloys to be tuned to particular energies for optoelectronic
applications by changing the nitrogen content. Since only small amounts of
nitrogen are required to produce large changes in the band gap, the material,
enabling high quality alloys to be grown epitaxially and incorporated into the
existing otpoelectronics infrastructure.

During the past decade, dilute nitrides, particularly the quaternary mate-
rial system of GalnAsN have attracted a great deal of attention, both because
of unusual physical properties and potential applications in a variety of opto-
electronic devices. In this chapter we discuss the origin of the unusual physical
properties of GalnAsN. We present the issue of isoelectric impurities in semi-
conductors and the difference of nitrogen from other conventional isoelectronic
impurities. We discuss the effect of nitrogen bound states on conduction band

of GalnAs and introduce band anticrossing model.
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2.2 Nitrogen isoelectronic impurities in GalnAs

In order to understand the effect of nitrogen on GalnAs band structure,
we have to interest in isoelectronic impurities in semiconductors. Isoelectronic
(isovalent) impurity atoms have the same outer electron configuration as the
atoms of host crystal which they replace. Examples are germanium in silicon
and arsenic in gallium phosphide. Whereas an isovalent impurity always creates
a perturbation to the host band structure, this perturbation is usually small, hy-
bridizes with the host states and remains unnoticeable. However, if the isovalent
impurity and the atom it replaces have very distinct properties, the isovalent
impurity can create a significant perturbation to the electronic charge distrib-
ution. In 1969, Dean et al. found that bismuth in GaP can bind a hole with
39.7 meV ionization energy. It was observed that an exciton can be bound to
nitrogen in GaP with total binding energy 21 meV [12], to bismuth in GaP with
binding energy 107 meV [13] and to oxygen in ZnTe with binding energy 404
meV [14]. These experiments have shown that isovalent impurities can create
bound states and can be attractive to electrons and holes. An electron (hole)
which is trapped by an isoelectronic impurity can subsequently bind a carrier
of opposite charge via coulombic interaction, therefore an isoelectronic impurity
can bind an exciton. Experimentally found that an isoelectronic impurity may
bind

e a hole only if its electronegativity is smaller than that of the host atom
which it replaces(N and O), [15]

e an electron only if its electronegativity is larger than that of the host
atom which it replaces(Te and Bi), [15]

e an exciton(N, O, Bi) [16].

Nitrogen atoms also behave as isoelectronic impurities in GalnAs with con-

centration of 106 — 10'® ¢m—3

. The N atoms can cause a strong perturbation
to the host band structure, create a localized impurity levels and bind excitons.
There are two main reasons of this strong perturbation; large difference in atomic
size and electronegativity between nitrogen and arsenide atoms. Because a nitro-
gen atom lacks p orbitals in its core states, it is smaller and much more attractive
to electrons than arsenic. Furthermore, the Ga-P and Ga-N bond lengths differ-
ence leads to lattice relaxation and important local redistribution of the charge
density. The potential created by nitrogen atoms is not coulombic and has short

range interaction.
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Nitrogen impurities act as deep centers with localized potentials. Because
the wavefunctions of these centers are localized in real space, they are comprised
wavefunctions originating from many bands in a wide region of k-space and the
impurity levels are not sensitive to the positions of the conduction and valence
band edges. Thus they are not expected to shift significantly in energy with a
change in composition or pressure. The presence of an impurity atom alters the
bonding-antibonding energy of the host crystal, introducing an impurity-related
deep trap state. Deep trap states with A; symmetry tend to lie in a range of en-
ergies relative to the vacuum level that happens to be near the conduction band
edges of most semiconductors, while those with Ty symmetry are located near
the valence band edges. Assessment of the relative energy levels of these deep
states can be carried out within the Koster—Slater model using a tight-binding
basis. This generalized theory is intended to identify the broad chemical trends
in the localized levels of the impurities and is therefore effective in predicting
the approximate behavior of an impurity within a host crystal. The calculations
consider the interaction of the host semiconductor with a localized potential
introduced by the impurity and can be determined by solving the subsequent
Schrodinger equation. When the defect potential is restricted to nearest neigh-
bor distances, the problem is simplified to a difference in s-orbital energies of
the impurity and host for A; symmetries and p-orbital energies for Ty symme-
tries. The nature of the impurity within the host will ultimately determine the
symmetry of the deep center and consequently its location within the bandstruc-
ture of the host semiconductor. Highly electronegative isoelectronic impurities,
such as N in III-V compounds, act as weak acceptors and localize electrons in A
states near the conduction band edge of the host. For example, the Koster—Slater
theory predicts that the N defect level is resonant with the conduction band in
GaAs. These calculations correspond quite well with experimental observations.
Oxygen in II-VI compounds behaves in a similar manner and is a bound A; state
in ZnTe. Likewise, C is expected to lie within the conduction band of both Si
and Ge. Metallic impurities, on the other hand, act as weak donors and localize
holes in a T, state near the valence band of the host semiconductor. For exam-
ple, the As defect level lies just above the valence band edge of GaN. Antimony
and Bi have a lower ionization energy than As as well, and their defect levels are
also predicted to lie near or within the valence bands of other III-V compounds.
These approximate trends serve as a guide to the behavior of dilute nitrides and
other moderately and highly mismatched alloys.

N impurity level can not be observed directly because it is resonant with
conduction band. Nevertheless, being its pressure dependence smaller than that

of band gap of Ga(In)As, impurity level can be placed below CB minimum
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via hydrostatic pressure. As can be seen in fig. 2.1, when a critical value of
hydrostatic pressure is applied to the crystal, nitrogen impurity level is below
the CB minimum. Therefore, value of this level can be determined by exciton

decay. In fig. 2.1, the nitrogen energy level is resonant with CB without applied

Hydrostatic
Pressure 0 GPa 4 GPa 8 GPa

N I N A N/

\\_/ N EN
CB minimum

CB minimum

VB maximum VB maximum /_\/Taximum

Figure 2.1: The representation of the change of CB, VB and N impurity energy
levels in momentum space by applied hydrostatic pressure.

pressure. With increasing of hydrostatic pressure, CB minimum is increasing
and impurity level is in the band gap at 8 GPa. As a result of extrapolation,
the value of nitrogen impurity level can be found as 1.65 eV above the valence
band maxima and 150 meV above the conduction band minima of GaAs [17].
The nitrogen impurity level in GalnAs is same within that of GaAs.

Binding mechanism of nitrogen isoelectronic impurities is explained in the
paper of Zhang and Ge [18] explicitly. The binding of an exciton to the nitrogen
centers is explained as a consequence of the difference in electronegativity x
between nitrogen and arsenide. Because of x, > X4,, nitrogen tends to bind
electron; then via the Coulomb interaction, an exciton is bound to nitrogen.
Although the nitrogen bound state is very close to the band gap, in the sense of
being able to capture an electron, it is considered as a deep acceptor [18].

When nitrogen atoms are incorporated into the GalnAs with concentration
of above 10*® ¢cm™3, nitrogen induced band formation exists in GaInAsN and new
features appears in the semiconductor. In next section we present how nitrogen

induces a band with increasing of nitrogen concentration.
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2.3 Nitrogen induced band formation in GalnAsN

Kent and his coworkers [19] review all steps during nitrogen induced band
formation phenomena in their study about pseudopotential theory of dilute ITI-
V nitrides. While they discuss the experimental observations which reveal the
unusual behaviour of nitrogen incorporated I1I-V’s, they compare the properties
of conventional isoelectronic impurities/alloys with those of nitrogen isoelectronic
impurities/alloys. When nitrogen concentration in GalnAs is lower than 0.01%,

the followings are observed;

e localized and single-impurity levels appear above the band gap. In
conventional isovalent alloys as GalnAs:P the perturbation potential of
phosphorous isovalent atoms is too weak to create a bound state. In
GalnAs:N, bound state appears as a sharp resonance above the conduc-

tion band minimum.

e because shallow impurity levels(Si in GalnAs) are constructed from the
wavefunction of the single nearest host crystal state, applied pressure
causes to change the energy of impurity levels at the same rate as the
energetically nearest host crystal state. However, the wavefunction of
nitrogen impurity levels is constructed from many bands of the host

crystal, these levels in GalnAs:N have small pressure dependence.

e while usual isovalent pairs leads to broad resonances within conduction
band and valence band, N-N pairs leads to discrete levels inside the band

gap. This leads to sharp photoluminescence lines.

e In nitrogen incorporated InGaAs, the emission lines are redshifted with
respect to absorption; in N-free InGaAs alloys absorption and emission

occur at the same energy.

These properties of nitrogen incorporated GalnAs disappear with increas-
ing of nitrogen concentration. Furthermore, addition of nitrogen causes new

features in GalnAsN. When nitrogen concentration is higher than 0.01%

e [t is observed that increase of nitrogen composition has no effect on N
pair levels. The sharp emission lines due to pair levels remain at same
energy. This behaviour is chacteristics of deep transition metal impuri-
ties, but not hydrogenic impurities (like Si in GalnAs). This behaviour
is called as composition-pinning of the impurity pair energy levels and

shows that the impurities don’t interact with each other.
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At the higher nitrogen concentration, the different regions of GalnAs crys-
tal affected by N clusters start to overlap. Thus, the transition from nitrogen
acting as an isoelectronic impurity to forming nitrogen-induced bands take place
at that concentration. Klar et al. [20] claim that this transformation is at 0.2%
for GaAsN. Alloy properties of Ga(In)AsN can be described with concentration

ranges as described below [19],

e Band-gap shows huge and composition-dependent optical bowing and

significantly decreases with increasing N content.

e FElectron mass is anomalously heavy but decreases with nitrogen concen-

tration,

e Reduction in band-gap with increased temperature slows down with ni-
trogen addition [19],

e New energy state F, takes place.

2.4 Band anti crossing model(BAC)

In order to obtain band structure of the semiconductors, there are empir-
ical(like k - p), semiempirical(like tight-binding, pseudopotential) and ab-initio
methods(like density functional theory). The success of a band structure cal-
culation technique is dependent on agreement of its results with experimental
observations. Ab initio and empirical techniques are generally very successful to
analyze band structure of the simple or alloy semiconductors and bulk or low
dimensional systems. Until now, to obtain the band structure properties of di-
lute nitride systems, microscopic models like tight-binding, empirical supercell
pseudopotential and k - p models have been used. Even if these models explain
some properties of dilute nitride alloys, they are not able to give a complete
explanation of the conduction band of dilute nitrides. The BAC model, despite
its simplicity when compared to fully microscopic models, successfully describes
the macroscopic behavior of the material.

As will be treated in section 3.2, BAC model provides a good explana-
tion of the huge bowing in the band gap of GalnAsN. This model describes the
composition dependence of band gap energy of GalnAsN and has been success-
fully used to describe the dependences of the upper and lower subband energies
on nitrogen concentration. The model manages to explain the basic properties
of the material and to provide analytical expressions, such as conduction band
edge dispersion relations and electron effective mass. The model is based on the

interaction of the lowest conduction band with the highly localized N-induced
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energy level Fy. An anti-crossing interaction of the localized N states with the
extended state of GalnAs leads to a characteristic splitting of the conduction
band into two non-parabolic subbands. The variation of band gap of GalnAsN
is calculated by BAC.

The band anticrossing is proposed as a macroscopic model to simply de-
scribe the interaction between a localized nitrogen impurity level and conduction
band. Wu et al. derived BAC model from many-impurity Anderson model. We
can also derive this model from simple perturbation theory. Let us denote the
conduction band and nitrogen states by ®-p and ®5. Perturbing potential due

to the nitrogen is AV. In this case we can write the Hamiltonian as

H®,=F¢, (2.1)
where
AV|®
H = Hy + (9, |AV|®,) Z' ' ‘ >| (2.2)
m#n

In first order correction because (Peop |AV| ®op) = Voe and (Pyy |[AV | Pyn) =
Vnn indicate the N-N or CB-CB interactions, they can be assumed as zero. In
second order correction (Pop |[AV|®y) = (P |AV| Pep) = Ve is the repulsion
term which gives the band anticrossing and has a value. Substituting the eq. 2.2

into eq. 2.1, we get the determinant

Ey—F 1%
N e =0 (2.3)
Ve  Ecp— E
which results in the energies
1 2 2
Es = 5(Ex + Eop %/ (Ex — Eop)? +4V3c) (2.4)

The BAC is very successful to calculate the band gap of GalnAsN semiconductor.
In fig. 2.2, the variation of band gap versus In and N content is calculated by
means of using this model. As can be seen from fig. 2.2, increase of indium
concentration leads to slight reduction in band gap energy. In nitrogen-free case,
the value of band gap changes from the band gap of GaAs(1.424 eV) to that of
InAs(0.417 eV) as expected from usual alloys. However, in fig. 2.2 we see that a
little increase of nitrogen causes rapid reduction in band gap. This behaviour is
most important unusual characteristics of nitrogen incorporated alloys, because
the band gap doesn’t change linearly between those of GaN(3.299 eV)/InN(0.78
eV) and GaAs(1.424 eV)/InAs(0.417 eV).

There is a relationship between nitrogen, temperature and band gap. Ac-
cording to the experimental study of Onabe et al. [21], the band gap of GaAsN is

reduced as temperature is increased and this reduction slows down dramatically
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with small addition of nitrogen. In fig. 2.3, this behaviour can be seen for the
In concentrations of 0% and 20%.

Experiments [22] show that GalnAsN has three additional optical transi-
tions compared with GalnAs above the N concentration of 0.2%. The source of
these transitions are a new energy level E, which is a result of nitrogen incor-
poration in crystal. Fig. 2.4 shows the behaviour of £, and F_ in GalnAsN
semiconductor alloy. This figure illustrates the most important result of BAC
model which claims the splitting of conduction band due to nitrogen isoelectronic

impurities.

2.5 Conclusions

In summary, this chapter presents an overview of the physics behind the
unusual properties and band anticrossing model to explain electronic structure
of dilute nitrides and GalnAsN. We have seen that nitrogen atoms have strong
perturbation effect on the host semiconductor "GalnAs" because of their very
different electronegativity than that of As atoms. Furthermore, the difference
between the bond lengths of Ga-As(In-As) and Ga-N(In-N) causes a lattice re-
laxation and charge redistribution in the semiconductor. The differences between
observed experimental properties of usual and nitride alloys also has been men-
tioned in this chapter. The derivation of band anticrossing model by means of
perturbation theory has been introduced in the last section of this chapter. Af-
ter the model has been described shortly, the figures obtained from the band

anticrossing model has been shown.
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Figure 2.2: The variation of band gap of GalnAsN according the band anticross-
ing model.
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Figure 2.3: Temperature and nitrogen dependence of band gap of GalnAsN for
In content of 0%(yellow) and 20%(green).
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CHAPTER 3

COMPARISON AND ANALYSIS OF
THE BAND ALIGNMENT OF
STRAINED AND
STRAIN-COMPENSATED GAINASN
QWS ON GAAS AND INP
SUBSTRATES

3.1 Introduction

Recently, there has been much interest in dilute nitride compound semicon-
ductors of Ga;_,In,As;_,N, since the incorporation of nitrogen in Ga;_,In,As
has a profound influence on the electronic properties of these materials and al-
lows widely extended band structure engineering. Numerous experimental and
theoretical work have been published about the Ga;_,In,As;_,N, on GaAs sub-
strates [23, 24, 25, 26]. For laser applications this material system has several
important advantages as compared to the most commonly used GalnAsP/InP
systems. First of all, a better high temperature performance of the laser struc-
tures is achieved due to a larger conduction band offset and, thus, improved
electron confinement and decreased electron spill out at room temperature and
above, thereby minimizing the threshold current in these lasers. Secondly, the
increase of the electron effective mass with the addition of nitrogen provides a
close match between the effective mass values for electrons and holes, beneficial
for laser applications. Moreover, GalnAsN gives the flexibility of tailoring in the
bandgap and an increase in the lattice parameter. Hence GalnAsN gives the
potential to produce material lattice matched or mismatched to GaAs with a

wide range of bandgap energies (from 1.5 eV to less than 0.8 eV) [27].
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GalnAsN alloy also can be grown without any strain on common sub-
strate InP. The addition of nitrogen to lattice-matched or compressively strained
GalnAs on InP results in a sizeable reduction of the band gap energy of the
resulting InP-based GalnAsN layer, accompanied by a reduction in the lattice
constant as it is similar to dilute GalnAsN on GaAs. Some reports [28, 29, 30]
demonstrated that strained and lattice-matched Ga;_,In,As;_,N, alloys on InP
can also extend the wavelength of photonic device operation beyond that acces-
sible to the Ga;_,In,As; N, /InP system. Increasing In content in Ga;_,In,As
on InP beyond 53% results in a decrease of the band gap energy which, however,
is partially offset by increasing compressive strain. Adding N to Ga;_,In,As
reduces the band gap energy even further. Moreover, the incorporation of N
compensates for compressive strain in the case of x > 0.53 and introduces ten-
sile strain in the case of x < 0.53, resulting an additional reduction of band
gap energy for both cases. There are limited works so far on the growth of
strained Ga;_,In,As;_,N, on InP substrates [30, 31, 32, 33, 34, 35, 36] and
there is no work about the band alignment of the Ga;_,In,As;_,N, alloys on
InP substrates up to our knowledge. Furthermore, only a few studies have been
published so far on high indium concentration (beyond 53%) Gaj_,In,As;_,N,
on InP [30, 31, 32, 33, 34]. Gokhale et. al [30] demonstrated that strained and
lattice-matched GalnAsN alloys on InP can extend the wavelength of photonic
device operation beyond that accessible to the GalnAsP /InP system.

Although, the incorporation of nitrogen into GalnAsN allows emission
wavelengths as long as 1.55 um to be reached [37], the optical material quality
deteriorate significantly with increasing N mole fractions [38], resulting in a much
higher threshold current density of GalnAsN/GaAs lasers compared with that of
GalnAs/GaAs lasers. In order to improve the performance of GalnAsN/GaAs
quantum well lasers, the nitrogen composition of GalnAsN well should be re-
duced, although, this leads to an increased strain in the quantum wells. By
introducing a strain-compensated barrier to this system it is possible to grow
highly strained GalnAsN wells free of misfit dislocations. In strain-compensated
QWs opposite strains are introduced in the well and barrier regions. These oppo-
site strains balance each other and the average strain in the structure is reduced.
In addition, for some laser configurations, such as short cavity lasers or distrib-
uted Bragg reflector lasers, a large number of QWs may be required for optimal
performance [38]. As the number of strained QWs is increased, the total strain
in the structure accumulates and the total strained layer thickness approaches a
critical thickness at which lattice misfit dislocations start to form [39]. In strain-
compensated QWs, the well width and the total number of wells can thus be

increased, leading to an enhanced optical confinement. By means of introducing
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strains of opposite signs in the well and barrier layers to simultaneously vary the
offsets of the heavy- and light-hole states, it is also possible to reduce the mix-
ing between heavy- and light-hole states by means of spatially separating them
to different layers [40]. Experimental results [41, 42| showed that the strain-
compensated QW lasers are desirable for optical applications with low threshold
current and high efficiency. In addition, strain compensation gives access to a
wider range of material composition, and thus improved possibilities to select
band-edge offsets tailored to specific needs [43]. Therefore, there has been an

interest in strain-compensated quantum well structures.

3.2 The Models

3.2.1 Band anti-crossing model

It has been reported that band anticrossing (BAC) model [44] can describe
the composition dependence of band gap energy of GalnAsN on GaAs substrates.
The recently proposed model has particular importance since, despite its sim-
plicity, it manages to explain the basic properties of the material and to provide
analytical expressions, such as conduction band edge dispersion relations and
electron effective mass. The BAC has been successfully used to describe the de-
pendences of the upper and lower subband energies on nitrogen concentration.
The model is based on the interaction of the lowest conduction band with the
highly localized N-induced energy level Ey, located 1.64 eV above the valence
band edge of GaAs.

It has been shown that an anti-crossing interaction of the localized N states
with the extended state of GaAs or GalnAs leads to a characteristic splitting of
the conduction band into two non-parabolic subbands [45]. The low energy edges

of the subbands are given by

E. = (Ex+ Ey £ [(Ex — Ex)?* + 4VEN1Y%) /2 (3.1)

where E); and Ey are the energies of the extended state and of the N level rela-
tive to the top of the valence band (VB), respectively. Vi y (: Cum N\/gjeV) [46],
where y is the N composition) is the matrix element of the term describing the
interaction between localized N states and the extended states. The predicted
splitting of the conduction band into subbands has been confirmed experimen-
tally [45, 44]. The nitrogen level dependence on the nitrogen composition is Fy
=1.52 — 3.9y [17] The conduction band energy F), of the matrix semiconductor
is taken to vary in the presence of nitrogen as E); = Ey — 1.55 where Ej is

the energy in the absence of nitrogen [17]. We have used the band anticrossing
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Material | GaAs | GaN | InAs | InP | InN | AlAs
a.(A) [5.6533] 4.5 [6.0584 | 5.8697 | 4.98 | 5.66

Eg(eV) | 1.424 | 3200 | 0.417 | 1.4236 | 0.78 | 3.09
Ao(eV) | 034 [ 0017 | 0.39 | 0.108 | 0.005 | 0.28
ac(eV) | =717 | —=6.71 | —=5.08 | —6.0 | —2.65 | —5.6
a,(eV) | —1.16 | —0.69 | —1.0 | —06 | —0.7 | —24
C11 (Gpa) | 1221.0 | 293.0 | 832.9 | 1011.0 | 187.0 | 1250.0
C12 (Gpa) | 566.0 | 159.0 | 452.6 | 561.0 | 125.0 | 534.0
b(eV) | —20 | =20 | —18 | —2.0 | —12 | —2.3
E,oo | —692| — | —667| —704| — | —749

Table 3.1: Some material parameters which have been used in calculations of
band alignment.

model with an interaction parameter of Cj;y = 2.3eV [34] for indium rich highly
strained GalnAsN quantum wells on InP substrates. The interaction parameter
is an average value for high indium containing samples taken from Serries et al
33].

For the band structures of laser systems, the material parameters except for
the band gap energies are linearly interpolated from those of the binary materials
[47] and these are tabulated in 3.1. The bulk band energy of Ga;_,In,As;_,N,

is calculated by means of equation 3.1.

3.2.2 Model Solid Theory

The relative band alignment of the band edges between quantum well and
barrier is the total band discontinuity distributed over the conduction and valence
bands, AFE,. and AFE,, respectively. The band discontinuity depends on the
semiconductors and the amount of mismatch strain at the interface. It has been
commonly accepted that the nitrogen incorporation mainly affects the conduction
band states of the GalnAsN alloys leading to an increase in the conduction band
offset Q. , and a small discontinuity in the valence band edge [48]. According to
Van de Walle’s model solid theory [49] the band offset ratio for conduction and
valence band, ()., , 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 effects of strain in the plane of the epitaxial growth is

calculated as

(3.2)
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where as is the lattice constant of substrate and a. is the lattice constant of
quaternary epitaxial 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

Eya(z,y) + M + 0Enn(z,y), for hh (compressive strain)

Eya(z,y) + %w’y) + 0Ey (2, y), for 1h (tensile strain)
(3.3)

where E, ,,(x,y) is the average valence subband energy and A is the spin-orbit

Ey(z,y) = {

split-off band energy. These values are obtained by linear interpolation method
where the binary values are listed in 3.1. The conduction band is shifted by the
energy 6 E.(z,y)

SE, (z,y) = 2a. (1 - %) 5 (3.4)

11
the valence bands are shifted by energy, d Ey,(x, y) and dEy,(x,y)

5Ehh (‘Tay) = _PS - Qs

(3.5)
0B (z,y) = —Ps + Q
where
- _ _ Ci2
e <1 C“> ) (3.6)

_ 2C
Q, = —b (1 + C—) e
where a. and a, are the conduction- and valence-band hydrostatic deformation

potentials, b is the valence band shear deformation potential and C7; and Cis

are elastic stiffness constants. The strained band gaps can then be expressed as

Eepn (x,y) = Ey(x,y) + 6E. (2,y) — 0 Epp (2, y)

(3.7)
Eein (z,y) = Ey(,y) + 6Ec (2, y) — 6B (2, y)
The conduction band position is
E,(z,y) + Ec_pn(z,y),  for hh (compressive strain)
Ee(z,y) = : . (3.8)
E,(z,y) + 6E._in(z,y), for lh (tensile strain)
The conduction band offset is given by
AFE. EY — EY
=1-—* (3.9)

AE, = E'-Ev
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where E¥ and E? are the valence band positions in the well and barrier mate-
rials, respectively, and E and ES are the strain adjusted bandgaps (E._pp, for

compressive strain and E,._,, for tensile strain) for the well and barrier materials.

3.3 Comparison of the band alignment of
strained and strain- compensated GalnAsN
QWs on GGaAs and InP substrates

In this work we concentrate on the relative band alignment of the band
edges of Ga;_,In,As;_,N, /InP between the quantum well and the barrier which
is very important for modelling semiconductor quantum well structures. We will
present the results in the case of tensiley strained Ga;_,In;As;_,N, quantum
wells with In concentrations of z < 0.53 which provides the possibility of reaching
TM mode emission at 1.55 pm and above in telecommunication band which is
difficult to reach with standard InGaAsP strained QW structures [36]. The
GalnAsN/InP system combined with confinement layers, such as InAsP, could
lead to the fabrication of tensile strained QW lasers as well as the development
of optical isolators requiring TM polarization [28, 29].

Furthermore, this work investigates how the unique features of GalnAsN/GaAs
and GalnAsN/InP quantum wells offer the best band alignment by means of us-
ing model solid theory. We also investigate the effect of the strain compensation
on the band-alignments for the GalnAsN on GaAs and InP substrates. These
calculations provide the first clear comparison of the strain-compensated band-
alignment of the GalnAsN on two common substrates as a laser system and will
enable us to predict the effect of the strain-compensation on band-offset energies
for quantum well laser structures. For the band structures of laser systems, the
material parameters except for the band gap energies are linearly interpolated

from those of binary materials [47, 50].

3.3.1 GalnAsN/GaAs/GaAs

We first present the band alignment of Ga;_,In,As;_,N, on GaAs sub-
strates, which we consider to be a reference necessary for the understanding
of the following results derived for low In containing Ga;_,In,As;_,N, on InP
substrates. Figure 3.1 presents the calculated band offset ratios (Q. and @Q,)and
band offsets (AE. and AE, ) for uncompensated compressively strained Gag 7oIng 30N, As;_,
quantum wells with GaAs barriers on GaAs substrates. The addition of N to

GalnAs causes substantial changes in the band alignments; adding N to GalnAs
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Figure 3.1: The nitrogen N concentration (in well) dependence of the conduction
and valence band offset ratios, Q. and @,, (inset figure) and the correspond-
ing conduction and valence band offsets, AE. and AF,, of the uncompensated
compressively strained Gag.7oIng 30N, As;_, quantum wells with GaAs barriers on
GaAs substrates.
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increases the conduction band offset ratio (). and decreases the valence band
offset ratio ),. At first a rapid and then a gradual change in band offset ratios
have been calculated.

The corresponding band offsets are also shown in figure 3.1 which illustrates
the fact that the addition of nitrogen into GalnAs leads the N-containing system
having a band alignment of that of the ideal case (deep conduction- and shallow
valence-wells) certainly. On the other hand, the addition of nitrogen deteriorates
laser parameters, so one should keep the N composition as low and low N leads
high strains. So strain compensation can be offered as a solution in this novel

material system and this can be achieved by means of using GaAsP barriers
instead of GaAs barriers.

3.3.2 GalnAsN/GaAsP/GaAs

Figure 3.2 illustrates the effect of compensation of the compressive strain

in the well by means of applying tensile strain in the barrier. The well is

Band offset (meV)

Figure 3.2: The variation of conduction (upper curve) and valence (lower curve)
band offsets, AE. and AFE,, with nitrogen concentration which results com-
pressive strain (in well) for Gagr7oIng 30N, As;_, quantum wells and with phos-
phorus concentration which results tensile strain (in barrier) for compensated
Gag.70Ing 30N, Asi—,, / GaAsP quantum wells on GaAs substrates.

Gag.70Ing 30N, As;_, and the barrier is GaAs;_,P, and compressive strain in the
well / tensile strain in the barrier is varied by means of increasing nitrogen N

concentration in well / phosphorus P concentration in barrier, correspondingly,
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see figure 3.2. The uncompensated system corresponds to zero P concentration
in the barrier. Upper curve represent the variation of the conduction band offset
AFE. and lower curve represent the valence band offset AFE, with nitrogen con-
centration in well and phosphorus concentration in barrier, correspondingly, for
Gag 70Ing 30N, Asi_, quantum well. First, it should be noticed from the variations
of figure 3.2 that AFE, (lower curve) decreases and AFE, (upper curve) increases
with increasing N concentration.

It should also to be noted from figure 3.2 that strain compensation by
means of using GaAsP barriers instead of GaAs barriers improves the band
alignment since AF, further increases with an increase of P concentration in
barrier. As an overall, by means of strain compensation, i.e. the increase of P
concentration in barrier, it is possible to get deeper wells, leading to much better
confinement both in conduction and valence band. Therefore, strain compensa-
tion improves the band alignment and brings great advantageous to this laser

system of Ga;_,In;As;_,N, on GaAs substrates.

3.3.3 InGaAs/InP /InP

We now want to compare the band alignment of Ga;_,In;As;_,N,QWs
on GaAs substrates with that of the InP substrates. It is well known that the
Ga;_,In,As can be grown lattice matched to InP for x = 0.535. Lowering the
indium content or introducing N into the Ga;_,In,As induces a tensile strain.
A sufficiently high tensile strain will lead the light-hole, [h, band being above
that of the heavy-hole, hh, band. So fundamental transition will be due to
cl — [h1 giving rise a TM-mode polarization emission. There are some reports
[51, 52, 53, 54] which emphasize the potential advantages of tensile strained QW
lasers in terms of threshold current density, radiative characteristics, gain and
loss mechanisms. Therefore, it is interesting to investigate the band alignment of
Gaj_;In;As;_yN, quantum wells under tensile strain grown on an InP substrate
for 1.5 — 1.6 pm emission wavelength.

We present the band alignment of conventionally tensiley strained Ga;_,In, As
wells with unstrained InP barriers, as shown in figure 3.3, according to the model
solid theory. As can be seen from figure 3.3, the valence band offset ratio @, is
greater than that of the conduction band offset ratio ). which is not desirable
for high temperature operation. It is seen from figure 3.3 that lowering In con-
centration of tensiley strained Ga;_,In,As alloy decreases both conduction and
valence band offset at the expense of increasing the tensile strain in the well. In

addition, the valence band offset AFE, is greater than the conduction band offset
AE.,.
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Figure 3.3: The indium concentration (in well) dependence of the conduction
and valence band offset ratios, Q. and @,, (inset figure) and the corresponding
the conduction and valence band offsets, AE,. and AFE,, of the tensiley strained
uncompensated In,Ga;_,As / InP QW laser system on InP substrates. RHS of
the y-axis shows the energy difference between the transition energies of ¢; — lhy
and c¢; — hhy from the respective band edges.
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The right-hand-side of the y—axis of figure 3.3 shows the energy difference
between the transition energies of ¢; —[h; and ¢; — hhy from the respective band
edges. The negative energy difference shows that the polarization transition is
TM since light-hole band lies above the heavy-hole band.

3.34 GalnAsN/InP /InP
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Figure 3.4: The variation of the conduction and valence band offsets, AFE, and
AE,, with indium concentration and tensile strain (in well) for uncompensated
Gay_In;Ng g2Aspes /InP QWs on InP substrates. RHS of the y-axis shows the
energy difference between the transition energies of ¢; — lhy and ¢; — hhy from
the respective band edges.

The introduction of N to the well of Ga;_,In,As improves the band align-
ment on InP substrate significantly ; A E, becomes greater than AFE), as shown in
figure 3.4. The nitrogen concentration is held fixed at 2.5%. It is clear from figure
3.4 that increases rapidly and AF, decreases with decreasing In concentration,
i.e. by means of increasing tensile strain in the QW.

The comparison of figure 3.4 with that of figures 3.1-3.3 reveals the fact
that tensiley strained Ga;_,In,As;_,N, quantum wells on InP substrates have a
deeper conduction well than that of the compressively strained Ga;_,In,As;_,N,

quantum wells on GaAs substrates.
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3.3.5 GalnAsN/InAsP /InP

In order to have much deeper conduction wells than that of the valence
band one should keep the In concentration as low as possible, and this leads to
the problem of the critical thickness due to the high tensile strain in the well.

Therefore we consider a strain compensated laser device of GalnAsN/InAsP /InP;

Strain in barrier
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Figure 3.5: The calculated variation of the conduction and valence band offsets,
AFE. and AFE,, with arsenide concentration and compressive strain (in barrier)
for compensated Gaggolng 10No.03As0.97 / IngAs; P / InP laser system.

the well composition is held fixed with a 10% In and 3% N and the arsenide
concentration of the barrier of InAsP is varied. This results a compressive strain
in the barrier to compensate the tensile strain in the well. Figure 3.5 illustrates
the effect of the strain compensation on the band alignment for this laser system;
the valence band offset ratio (). is being greater than that of the conduction
band offset ratio (), for the stated range of As concentration and both AF,
and AFE, increases with increasing As concentration. It is seen from figure 3.5
that compensation decreases the (). and increases the (), value. Therefore the
compensation can be thought as to bring disadvantageous to this laser system.
Fortunately, this is not the case. Although ). and ), show opposite trend
with compensation, both conduction- and valence-band offsets increases with
compensation, as shown in figure 3.5.

This strange behaviour of the increase of (), with decreasing (). can be

explained as follows; the variation of the conduction band offset is a result of
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the combined effect of the variation of Q). and AE, since AE, = Q. AE, and
AF, is the difference of the strained bandgap of the barrier and well. The rapid
increase in with As concentration eliminates the effect of the decrease in Q. with
increasing As concentration and as an overall results an increase in AF, with
increasing As concentration. So compensation again can be considered a solution
to balance the tensile strain in the well of GalnAsN alloy on InP substrates as

in the case GaAs substrates.

3.4 Analysis of the band alignment of highly
strained indium-rich GalnAsN QWs on InP

substrates

We concentrate on the band alignment of indium rich highly compressively
strained GalnAsN quantum wells on InP substrates which allows an emission
wavelength of 2.3 pm by means of using the model solid theory. Our chosen
structures will be those of the structures proposed by Kohler et. al [34] who
demonstrated that long wavelength emission beyond 2 pum can be achieved by
means of Gaga2Ing758Noo1ASy.g9 well with lattice-matched Ing oAl 4gAs barriers
and Gag.22Ing 78Ng.01ASg.99 well with lattice-matched Alg 15Gag 32Ing 53As barrier

quantum well laser structures.

3.4.1 InGaAs/InP /InP

We first present the band alignment of nitrogen free Ga;_,In,As QW on
InP substrate in order to provide a comparison of the band alignment of in-
dium rich highly compressively strained Gaj_,In,As;_,N, QWs on InP sub-
strates by means of model solid theory. Figure 3.6 presents the band alignment
of Ga;_,In,As with InP barrier. As can be seen from Figure 3.6, the valence
band offset ratio @), is greater than that of the conduction band offset ratio Q).
for the whole range of the indium concentration which is not desirable for high
temperature operation. It is seen from figure 3.6 that increasing indium concen-
tration of unstrained and strained Ga;_,In,As alloy increases the conduction-
and decreases the valence-band offset ratio. The Ga;_,In,As alloy on InP sub-
strate is compressively strained in the case of x > 0.53 and tensile strained in
the case of x < 0.53.

The rate of change band offset ratio is different for tension and compres-
sion. It is also seen from figure 3.6 that valence band offset AF, is being greater

than that of the conduction band offset AFE, for the whole range of indium
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Figure 3.6: The indium concentration dependence of the conduction and valence
band offset ratios, Q. and @,, (inset figure) and the corresponding conduction
and valence band offsets, AE,. and AF,, of the strained Ga;_,In,As quantum
wells with InP barriers on InP substrates.
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concentrations. Similar calculations have been obtained using lattice-matched
GalnAsP and InGaAlAs barriers. It should be noticed from figure 3.6 that the
wells get deeper in the case of the compressive strain (z > 0.53) than that of the
tensile strain (x < 0.53). In addition, although @), and Q). show opposite trend,
see figure 3.6, with an increase in indium concentration both conduction- and
valence-band offsets increase with indium concentration. This strange behaviour
of the increase of AFE, with decreasing (), can be explained as follows; the vari-
ation of the valence band offset AFE, is a result of the combined effect of the
variation of the valence band offset ratio (), and the difference of strained band
gap of the well and barrier AE, according to AE,, = QQ,AE,. The rapid increase
in with indium concentration eliminates the effect of the decrease in (), with
increasing indium concentration and results an increase in AFE, with increasing
indium concentration as an overall. The right-hand-side of the y—axis of figure
3.6 shows the energy difference between the transition energies of ¢1 — [h1 and
cl — hhl from the respective band edges. The negative energy difference shows
that the polarization transition is TM since light-hole (Ih) band lies above the
heavy-hole (hh) band for tensile strain whereas the positive energy difference
shows that the polarization transition is TE since heavy -hole band lies above

the light -hole band for compressive strain.

3.4.2 GalnAsN/InP /InP

We want to illustrate at this point how the introduction of N to the well of
Ga;_,In,As containing more than 53% indium improves significantly the band
alignment on InP substrate with InP barriers holding the N concentration being
greater than 1.5%. As shown in figure 3.7, AE, increases quickly whereas AFE,
increases slightly with N concentration and A F, becomes greater than A F, when
N > 1.5%.

It is also seen from figure 3.7 that both wells get deeper with increasing
indium concentration. Therefore, in order to achieve long wavelength emission
of 2.3 um and more by means of growing GalnAsN on InP with an indium
concentration being greater than 0.535, one should keep the N = 1.5% from the

band alignment point of view to have high temperature characteristics.

3.4.3 GalnAsN/InAlAs/InP

Kohler et. al [6] demonstrated the growth of GagaaIng 7sNo.1Aspge wells
with two different lattice—matched barriers of Ing 50 Alp 4gAs and Aly 15Gag 32Ing 53As
for long wavelength emission up to 2.3 um. Figure 3.8 shows our calculated re-

sults of the band alignment of Gag 22In0 75N, As;_, well with Ing52Alj 45As bar-
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riers. As can be seen from figure 3.8, AFE, is slightly greater than AF, for the
low values of nitrogen. AF, increases rapidly and AFE, decreases slowly with an
increase of nitrogen and the difference gets bigger for larger nitrogen concentra-

tions.

3.4.4 GaIlnAsN/AlGalnAs/InP

Figure 3.9 shows the band alignment of the same QW with a lattice-match
quaternary barrier of Aly 15Gag.32Ings3As. It can be seen from figure 3.9 that AF,
becomes smaller than AFE), in the case of the quaternary barrier for low nitrogen
concentrations. This brings a disadvantage for the confinement of electrons and
results poor temperature characteristics. Therefore, the ternary barrier should
be preferred compared to the quaternary barrier. On the other hand, conduction
band offset gets deeper with increasing N concentration in both laser structures
of ternary and quaternary barriers.

We would like to point out at this point that, figure 3.8 illustrates how the
band alignment of the growth of GalInAsN QW containing more than 53% indium
with lattice matched Ing 52 Alg 48As barriers on InP substrates compete with the
unique band alignment of GalnAsN quantum wells on GaAs substrates. There-
fore, Gag.22Ing 78No.01 ASg.99 well with Ing 50Alg4gAs barrier on InP substrates can

be offered as a laser system having the ideal band alignment.

3.4.5 InGaAs/InAlAs/InP

We now show how the incorporation of nitrogen into GalnAs with lattice-
matched Ings0Aly48As barrier brings the system having an ideal band alignment
although nitrogen free counterpart doesn’t have an ideal band alignment. For
nitrogen free Ga;_,In,As QW with Ing52Alg48As barrier both conduction- and
valence-wells have similar depths as shown in figure 3.10. The introduction of
nitrogen into Ga;_,In,As reduces the energy band gap significantly causing the
system having a band alignment of that of the ideal case.

Figure 3.11 compares the substrate dependence of strain as a function of
nitrogen and indium concentration in Ga;_,In;As;_,N, QW on GaAs and InP
substrates. Compressive strain decreases with increasing nitrogen concentration
whereas it increases with increasing indium concentration for both substrates of
GaAs and InP.

This figure reveals the fact that the growth of indium rich Ga;_,In,As;_,N,
QW can only be possible on InP substrates since high indium results very high

values of the compressive strain in the case of GaAs substrates. This leads to
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the problem of the critical thickness due to the high compressive strain in the

well.

3.5 Conclusions

The design of GalnAsN based devices requires a deep knowledge of the
alloy’s electronic properties and a development of accurate models. Band align-
ment of the QWSs is one of the important properties while modelling the QW
structures since this property determines the high temperature performance of
the laser structures. Therefore, first part of this work presents theoretical cal-
culations to compare the band alignments of the N-free and N-included laser
devices on GaAs and InP substrates emitting in the neighborhood of 1.3 um
and 1.6 pm. Our calculations indicate that the band alignment of the N-based
conventionally strained QW laser systems on InP is better than that of the GaAs
substrate and both substrates provide deeper conduction wells. Therefore, tensi-
ley strained Ga,_,In,As;_,N, quantum wells with In concentrations of z < 0.53
on InP substrates can be used safely from the band alignment point of view when
TM polarization is required. The introduction of opposite strain to the barrier
in N-based lasers on both GaAs and InP substrates not only result deep electron
wells but also cause the electron wells being much deeper than that of the hole
wells which is essential to have good high temperature characteristics. Therefore,
these calculations enlighten the intrinsic superiority of N-based lasers and offer
conventionally strained the strain-compensated N-based laser system on GaAs
and InP substrates as ideal candidates for high temperature operation.

It has been stated [30, 31, 32, 33, 34] that long wavelength emission of 2.3
pm can be achieved by means of growing GalnAsN on InP keeping the indium
concentration being greater than 0.535 which results compressive strain in con-
junction with typical 1 —2 % N to compensate the excess strain plus additionally
lowering the band gap energy. In second part of this work we examine the band
alignment of these long wavelength laser systems of which no work has been re-
ported up to our knowledge. Our calculations indicate that the band alignment
of N-based conventionally strained QW laser systems on InP with high indium
concentration (beyond 53%) compete with the ideal band alignment of GalnAsN
/ GaAs lasers. Therefore, compressively strained Ga;_,In,As;_,N, quantum
wells with indium concentrations of = > 0.53 on InP substrates can be used
safely from the band alignment point of view when long wavelength emission of

2.3 pm is required.
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CHAPTER 4

CRITICAL LAYER THICKNESS OF
GAIN(N)AS(SB) QWS ON GAAS
AND INP SUBSTRATES FOR (001)
AND (111) ORIENTATIONS

4.1 Introduction

The rapid growth of optical communication networks in the last decade
has created a significant demand for low-cost, high-performance semiconductor
laser sources for the 1.3 pm and 1.55 pum wavelength regimes. Currently, only
the 1.3 um InGaAsP/InP vertical-cavity surface-emitting diode lasers (VCSELS)
seem to close to a commercial availability [55] for the wavelength (1.3 pm and 1.5
pum) optical fibre communication. However, the manufacturing of InGaAsP /InP
VCSELs is too expensive and troublesome to become lasing carrier sources in
the mass optical-fibre communication. On the other hand, GaAs-based devices
are regarded as extremely reliable; their technology is well known and relatively
simple. Therefore, much research has been devoted to creating long-wavelength
VCSELs on GaAs substrates to leverage the mature AlAs oxidation techniques
[56] as well as the large refractive index contrast of GaAs/AlGaAs distributed
Bragg reflectors. The GalnAsN material system has generated the most interest
as an active material for long-wavelength VCSELSs on GaAs substrates primarily
because of the large band gap bowing which results from adding relatively small
amounts, 1% of nitrogen N [57]. Many researchers have demonstrated 1.3 um
VCSELs using GalnAsN as the active material [58]. However, there are still es-
sential problems to reach 1.55 pm emission with these devices. To achieve such a
long wavelength emission with GalnAsN/GaAs QWs, the indium concentration
should exceed 38% with the high N concentration of about 5%. Because of dif-

ferent crystal structures of GalnN and InGaAs, small sizes of N atoms compared
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with arsenide As ones and the high electronegativity [59], such a high N concen-
tration leads to creation of many nonradiative centres in the active layer which
essentially makes reaching lasing threshold difficult. On the other hand, some
In segregation, disordering a layer growth and optical degradation of a semicon-
ductor crystal, would follow it. This problem can be overcome in new quinary
QW system of GalnAsNSb/GaNAs [59]. It has been recently shown by several
groups that the addition of antimonite Sb to the GalnAsN system extends the
QW emission wavelength up to 1.55 um . The photoluminescence properties
of 1.5 um range GalnAsNSb/GaNAs QWs are quite comparable to the 1.3 um
QWs, revealing the positive effect of Sb on improving the optical quality of the
QWs. Incorporating Sb to form a quinary GalnAsNSb alloy enables an essential
improvement in the quality of semiconductor layers for over 1.5 pm emission be-
cause Sb (i) acts as a surfactant, improving the surface kinetics thus maintaining
two-dimensional growth under high surface stress, (ii) incorporates into the lat-
tice of GalnAsN, shrinking the band gap, and (iii) enhances the differential gain
of a laser. All these effects indicate that a quinary QW might be suitable for
1.4 — 1.5 pm lasers. In addition, it has been shown that the surfactant effect of
Sb in the GalnAsN system [60] enables the growth of GalnAsN quantum wells
QWs beyond the calculated critical thickness [61]. The surfactant properties of
Sb have also enabled the growth of coherently strained QWs with higher In com-
positions, 40% which are necessary for reaching the 1.55 pum wavelength range
[62].

Most attention to date has been focused on Ga;_,In,As;_,N, quantum
wells (QWs) on GaAs substrates. Recently, some reports [29, 30] demonstrated
that strained and lattice-matched Ga;_,In;As;_,N, alloys on InP can also ex-
tend the wavelength of photonic device operation beyond that accessible to the
Ga;_,In,As;_ N, / GaAs and InGaAsP / InP system [30]. Increasing In con-
centration in In,Ga;_,As on InP beyond 53% results in a decrease of the band
gap energy which, however, is partially offset by increasing compressive strain.
Adding N to In,Ga;_,As reduces the band gap energy even further. Moreover,
the incorporation of N compensates for compressive strain in the case of z > 0.53
and introduces tensile strain in the case of x < 0.53, resulting an additional re-
duction of band gap energy for both cases. It has been stated that tensiley
strained Ga;_,In;As;_,N, quantum wells with In concentrations of x < 0.53
provides the possibility of reaching TM mode emission at 1.55 pum and above
in telecommunication band which is difficult to reach with standard InGaAsP
strained QW structures [36]. GalnAsN/InP system combined with confinement
layers, such as InAsP, could lead to the fabrication of tensile strained QW lasers

as well as the development of optical isolators requiring TM polarization [28, 29].
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In addition, GalnAsN on InP have been proposed as an optical source for spec-
troscopy instead of the InGaAsP material system [32].

It is known that the molecular beam epitaxy growth of strained zincblende
materials on {111} orientation shows some interesting properties. In particular,
strained QWs grown in these orientations are piezoelectric [63] such that their
optical transitions are red-shifted relatively to the (001) ones. The {111} strained
layers also show larger critical thicknesses for strain relaxation compared to (001)
oriented ones [64]. These two properties make it possible achievement of strained
QWs emitting at longer wavelength than for (001). Blanc et al [65] has shown
that the growth orientation has a great influence on the structural and optical
characteristics of N diluted alloys, and the use of alternative growth orientations
could help to get a better insight into the peculiar properties of these materials,
which open a new challenge to GaAs optoelectronics.

The use of mismatched epitaxial layers allows much greater freedom in de-
signing heterostructure devices with desired characteristics. In a strained QW
system a deformation potential due to the built-in strain modifies the band gap
energy. To obtain high optical quality structures, pseudomorphic growth is nec-
essary. However, pseudomorphic growth is possible only for a layer thickness less
than the so called critical layer thickness h.. If the lattice mismatch between the
epilayers and substrate is small and the layer is thin, the mismatch is accommo-
dated by strain in layer. In the case, when the mismatch or the layer thickness
is increasing, the formation of misfit dislocation at substrate-layer interface is
energetically favourable. However, lattice relaxation via misfit dislocation de-
grades the quality of the material in terms of reduced carrier lifetime, reduced
radiative efficiency, and reduced carrier mobility. Thus, the critical layer thick-
ness h. of the strained layer is one of the most important material parameters
that we have to consider when we utilize the built-in strain in lattice mismatch
systems. Little work has been done in terms of strain relaxation in dilute nitride
QWs [66], although one might expect that N would increase the critical thick-
ness of InGalNAs. The addition of impurities has often been found to reduce the
rate of plastic deformation in crystalline material. Nitrogen is found to reduce
the rates of deformation of float-zone Si wafers by diffusing to dislocation cores
and pinning dislocations [67]. Strain relaxation in tensile strained GaAsN/GaAs
and GaPN/GaP epilayers (N< 2%) have higher critical thicknesses compared to
similar mismatched systems including GaP/Si [68], a result also attributed to
dislocation pinning at N atoms and to hardening of lattice due to Ga-N bonds.
Both surface reconstruction and surface strain relief depend on the substrate
crystalline orientation and it has been claimed that surface reconstruction and

strain play an important role in the incorporation of N [69]. On the other hand, N
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incorporation has been found to be highly dependent on the substrate orientation
[70].

Although lots of efforts have been concentrated on the effects of N on
the electronic properties, little work has been done on the effects of N-induced
critical layer thickness and no work on the effects of Sbh-induced critical layer
thickness up to our knowledge. It would be then of a great interest to present
a comprehensive investigation of critical layer thickness h. taking into account
the orientation and substrate dependence of the new quinary laser system of
GalnAsNSb QW starting from the ternary InGaAs with an emission wavelength
of 1.1 um.

4.2 Theoretical models

4.2.1 Force balance model of Matthews and Blakslee
for h,

In lattice-matched heterostructure systems, the number and the thickness
of quantum wells in the structure is not a design constraint. In a strained layer,
lattice-mismatched system, however, the elastic accommodation of the strain en-
ergy associated with the mismatch, without the formation of misfit dislocations,
must be considered [71, 72]. A strained overlayer is thermodynamically stable
for thicknesses h < h., while for h > h, it is energetically preferable to relieve
the strain via the formation of dislocations. The critical layer thickness h. can
be defined in terms of elastic constants of the materials. Predicted and exper-
imentally determined h.’s are strongly dependent on the models, experimental
methods, and growth conditions [73, 74, 75, 76, 77, 78, 79]. The subject has
been extensively investigated through the works [80, 81, 82, 73] and shown that
the reports are in agreement with Matthews and Blakeslee equilibrium theory
(80, 81]. Therefore, we use the simple and reasonable force balance model of
Matthews and Blakeslee [73] which is derived from the study of Van der Merve
[74] to determine the h,. of single strained quantum well throughout our inves-
tigation. Matthews and Blakeslee calculate the critical thickness for layers in a

superlattice having as equal elastic constants:

Bbh.zg cosl = Db (1 — o cos® ) [ln (% + 1>} (4.1)

where B and D are constants concerned with elasticity defined below, b is the
amplitude of the Burgers vector which is defined as b = 7 for (001) and (111)

orientations. o is Poisson’s ratio, 0 = C3/(C11 + C12) and ¢ is the misfit
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Qo (AO) 011 (GPG) 012 (GPCL) 044 (GPG,)
GaAs | 5.6533 | 1221.0 566.0 600.0
InAs | 6.0584 | 832.9 452.6 395.0
GaSb | 6.09059 | 884.2 402.6 432.2
InSb | 6.4794 | 684.7 373.5 311.1
GaN | 4.5 293.0 159.0 155.0
InN | 4.98 187.0 125.0 86.0

Table 4.1: The stiffness and lattice constants of binary compounds.

strain which is defined simply as ¢g = |%}and a is the lattice constant of the
strained layer. € is the angle between the slip direction and that direction in
the interface which is perpendicular to the line of intersection of the slip plane
and the interface, while o is the angle between the dislocation line and the
Burgers vector. The value of cos § is 3 and ﬁg for (001) and (111) orientations,
respectively. The expressions for the coefficients o , B, G and D for (001) and
(111) orientations are listed in table 4.1. Table 4.2 presents the binary material

parameters for the related binaries.

4.2.2 Interpolation method for the quinary alloy

To calculate the lattice constant, elastic stiffness constants and the related
parameters we use the linear interpolation of the experimentally determined val-
ues of the binary alloy. A bowing parameter C' is usually included in the inter-
polation of the band parameter P for ternary alloys to account for the deviation

from the linear interpolation between two binary alloys A and B:
PA_.B,)=(1—-2)P(A)+2zP(B)—xz(1—2)C (4.2)

For most 11 — V alloys e.g., the alloy bandgap is typically smaller than the
linear interpolation result and so C' is positive. A non-zero bowing parameter,
Cp, may be included to account for non-linearity in a parameter, P, in a similar
fashion to the band gap bowing parameter. For quaternary alloys of the form
D,Ey_,F,G;_, (two column /] elements, D and E, and two column V' elements,
F and G), a weighted average of the four ternary alloys: DEF, DEG, DFG, EFG
is used and additional bowing is neglected:

Ppppe="0-2U-oec il o)loer |

y(1—y)(1—2)Perg+ry(1—y)Pprg
z(1-z)+y(1-y)

Provided that either x or y is strictly between zero and one, i.e. a true quaternary

(4.3)

and not a ternary. For the quinary Dy_,F,F,Gi_, . H, with a third column V
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(001) (1)
(C11+Ch2) 2(C114+2C124+Cu4)
B (C11+2C12)(C11—C12) 6(C11+C12)Caa
- C11C (C11+2C124+Cu4)
G ( 11; 12) Cus
D GoGsb GoGgb
2m(Go+Gs)(1—0) 2m(Go+Gs)(1—0)

Table 4.2: The parameters which are used in calculations according to the direc-
tions.

element, H, the average can be expressed in terms of the nine ternary alloys [82]
and additional bowing is neglected:

Z Cz‘jkpijk
P == 4.4
DEFGH Z Cirk ( )

where

> cijkPijr =2y (1 —2) Pppr +2(1 —2) (1 —y — 2) Ppra
+zz(1 —2) Pppg + 2y (1 —y — 2) Prra
+2yzPprg + 12 (1 —y — 2) Pean (4.5)
+y(1—y—2)(1—x)Pprg +yz (1 —x) Ppry
+2(1—y—2)(1—x)Ppgu

Yp=ay(l—x)+z(1l—-2)(l-—y—=2)
trz(l—z)+zy(l—y—2)
+ryz +axz(1—y— 2) (4.6)
+y(l—y—2)1—2)+yz(1—2x)

+z(1—y—2)(1—2x)
where are the fractional composition components, e.g. ¢;jx = vy (1 —y — 2) for
EFG and the ternary parameter Pgpg is calculated for the same F:G ratio as
was present in the quinary. Again, it is necessary that at least one of z, y or 2

is strictly between zero and one so that the denominator is nonzero.

4.3 InGaAs QW on GaAs and InP substrates
for (001) and (111) orientation

The emission wavelength of InGaAs/GaAs QW lasers was limited to 1.1
pm for a long time. Due to the constraints of high strain and limited critical
thickness, the optical quality of InGaAs/GaAs QWs degrades rapidly when the
indium concentration is higher than 0.35. To get high quality and un-relaxed

InGaAs/GaAs QWs with high indium concentration, great care must be taken
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Figure 4.1: The calculated variation of the critical thickness of In,Ga;_,As QW
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tions. Dashed- and solid line represents the variation for (001) and (111) growth
orientations, correspondingly. The inset figure shows the magnitude of strain

versus In concentrationon GaAs substrate. Closed and open dots represents the
experimental values.
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Figure 4.2: The calculated variation of the critical thickness of In,Ga;_,As QW
versus In concentration on InP substrates for (001) and (111) growth orienta-
tions. Dashed- and solid line represents the variation for (001) and (111) growth
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with respect to the control of the growth condition. Jiang et al [83] has shown
that by optimizing the growth conditions, especially by using Sb as a surfactant
at low temperature it has been successful to grow highly strained InGaAs/GaAs
QWs and extend the emission wavelength to nearly 1.25 pum with a high lumi-
nescence efficiency at RT. The highly strained InGaAs/GaAs QW laser whose
operating wavelength reaches a little beyond 1.2 um is still a promising candi-
date for laser applications due to the relatively simple and mature techniques
(84, 85, 86]. Moreover, the proper growth control of highly strained InGaAs QW
growth is also an important step for the optimization of GalnAsN QW lasers.

It is well known that In,Ga;_,As can be grown to lattice-matched to InP
for x = 0.535. Lowering the In concentration of the alloy induces a tensile
strain. A sufficiently high tensile strain will lead to a e; — [h; fundamental tran-
sition, giving rise to TM-mode polarization emission. The potential advantages
of tensile-strained QW lasers (in terms of threshold current density and loss
mechanisms) were predicted more than ten years ago [52, 53]. Therefore, in this
section we present the orientation and substrate dependence of the critical thick-
ness h. of In,Ga;_,As QW by means of Matthews and Blakeslee force balance
model.

It is known that the h. of In,Ga;_,As QW decreases rapidly with
increasing In concentration due to the increase in compressive strain on GaAs
substrate for both (001) and (111) orientation, see Figure 4.1.The experimen-
tal results [87, 88] for (001) orientation is presented in figure 4.1 and 4.2. h, is
enhanced on (111) orientation as shown in figure 4.1 and is seen that the calcu-
lated results are in good agreement with experiment. h, is in the order of 80 A°
on (001)- and 150 A° on (111)-orientation for an indium concentration of 0.35.
The calculated critical thickness on (111) is about two times larger than that
on (001) over the entire indium concentration. This difference is mainly caused
by the different 6 value between (001) and (111) directions; i.e., cosf = 1/2 for
(001) and cos @ = 1/2+/3 for (111). This means that the force acting to form the
misfit dislocation is v/3 times smaller for (111), thus resulting in wider critical
thickness h.. The enhancement of the critical layer thickness allows an increase
of the In concentration in (111) strained In,Ga;_,As quantum well lasers, which
could in principle lead to emission at longer wavelengths on (111) substrates than
that of (001) substrates.

Figure 4.2 presents the calculated h. of In,Ga;_,As QW on InP sub-
strate. The corresponding strain values are also provided (top x-axis) in figure
4.2. In,Ga;_,As is lattice-matched to InP for an indium concentration of 53%.
In,Ga;_,As on InP introduces compressive strain in the case of z > 0.53 and

tensile strain in the case of x < 0.53. As can be seen from figure 4.2, h. decreases
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with increasing tensile and compressive strain; rapid reductions are calculated
for the compressive strain side due to the larger magnitude of strain. The agree-
ment with experimental results are also obtained on an InP substrate. The close
investigation of figure 4.2 reveals the fact that indium-rich In,Ga;_,As QW can
be grown on InP substrate. This leads to reach the longer emission wavelength
than that of the In,Ga;_,As QW grown on GaAs substrate. It is also clear that
the constraint of critical thickness and high strain is eliminated when InGaAs
QW is grown on InP substrate. We have found that the effect of the elastic con-
stants on the critical thickness is negligible and the concentration dependence of

h. is mainly governed by the lattice mismatches.

4.4 GaAsSb QW on GaAs and InP substrates
for (001) and (111) orientation

The prospect of realizing active layers for 1.3 pum lasers on GaAs substrate
are of special technological interest for making vertical cavity surface-emitting
laser (VCSEL) devices [89]. For this purpose, the strained GaAsSb is a potential
candidate as demonstrated by Anan et al [90]. GaAsSb QWs grown on GaAs sub-
strates, with an antimonite fraction of approximately 30% emit at wavelengths
near 1.3 um. However, the critical layer thickness of GaAsSb is limited [91] due
to its large lattice mismatch with GaAs substrates and the higher concentration
of Sb in GaAsSb/ GaAs QW is normally hard to be available for high quality
device structures.

It has been stated by Tian et al [92] that the calculated critical thickness
of GaAsSb layer on GaAs substrate by force balance model is in good agreement
with experimental reports.

We therefore provide in this section the comparison of the critical layer
thickness with the incorporation of antimonite Sb into GaAs on GaAs and InP
substrates by means of force balance model. Figures 4.3 and 4.4 shows the
calculated critical thickness of GaAs,Sb,_, as a function of Sb concentration on
GaAs and InP substrates for both (001) and (111) orientations. The experimental
results [91, 93] are also provided. The critical thickness decrease accordingly
with increasing compressive strain on GaAs substrate. It also decreases with
increasing compressive and tensile strain on InP substrate. The comparison of
figures 4.1 and 4.2 with that of the figures 4.3 and 4.4 shows that the critical
thicknesses of In,Ga;_,As QW and GaAs,Sb;_, QW are quite similar. This
is due to the fact that the magnitudes of strains in both ternaries are almost

equivalent for layers grown on GaAs and InP substrates. However, the ternary



46

000 -001 -002 -0.03 -0.04 -0.05 -0.06 -0.07
10000 3— . . . . . —

< 1000

] ]

[%]

Q

c <4

S

F E

w

S ]

5 104 ]
E m ]

1 T T T T

0 20 40 60 80 100

Sb Concentration (%)

Figure 4.3: The calculated variation of the critical thickness of GaAs;_,Sb,
QW versus In concentration on GaAs substrates for (001) and (111) growth
orientations. Dashed- and solid line represents the variation for (001) and (111)

growth orientations, correspondingly. Closed squares represents the experimental
values for (001) orientation.

Strain

003 002 001 000 -0.01 -0.02 -0.03
10000 ——1———— . . -

1000

Critical Thickness(AO)

100

10 . . . . . .
0 20 40 60 80 100
Sb Concentration (%)

Figure 4.4: The calculated variation of the critical thickness of GaAs;_,Sb, QW
versus In concentration on InP substrates for (001) and (111) growth orienta-
tions. Dashed- and solid line represents the variation for (001) and (111) growth

orientations, correspondingly. Closed squares represents the experimental values
for (001) orientation.
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GaAs,Sby_, has a higher bowing coefficient than that of In,Ga;_,As. As a
consequence, for 0 < z < 0.5, GaAs,Sb;_, has a lower bandgap than In,Ga;_,As
[94]. Keeping in mind that the magnitudes of strains in both ternaries are almost
equivalent for layers grown on GaAs and InP substrates, longer wavelength can
be achieved with GaAs,Sb,_, than that of the In,Ga;_,As QW for the same
magnitude of strain. This brings an advantage for the h. since a fixed emission
wavelength can be obtained for lower concentration of Sb in GaAs,Sb;_,QW
with respect to that of the In in In,Ga;_,As. Therefore, the constraint of critical
thickness is improved for GaAsSb QWs compared to that of the InGaAs QWs
allowing to use the wider QWs for GaAsSb structure safely.

4.5 Ga;_,In,As;,_ ,N,Sb. QW on GaAs and
InP substrates for (001) and (111) orienta-
tion

In this section we will concentrate on the h. of Ga;_,In;As;_,N, on GaAs
and InP substrates which is very important for modelling semiconductor quan-
tum well structures. We first want to show the validity of Matthews and Blakeslee
model to obtain h. when N is incorporated to GaAs. Fig. 4.5 presents the com-
parison of calculated h, with that of the experimental results [95]. The force
balance model can be said to be in agreement with the experimental results in
the case of incorporation of N into GaAs. We then present in figure 4.6 and 4.7
the calculated variation of GalnAsN QW grown on GaAs and InP substrate as
a function of indium concentration for various nitrogen concentrations on (001)
orientation (upper group of curves). First of all, the substrate dependence is
similar to previous diagrams i.e. h. decreases with increasing In concentration
when GalnAsN QW is grown on GaAs substrate (fig. 4.6) and h. decreases
with increasing tensile and compressive strain when GalnAsN QW is grown on
InP substrate (fig. 4.7). Secondly, our calculations clearly illustrate that h. of
GalnAsN QW on GaAs substrate increases slightly with increasing N concen-
tration due to the strain compensating effect of N. Finally, the N dependence
of h. of GaInAsN QW on InP substrate shows different behaviour for low in-
dium ("z < 0.53) which results tensile-strain and high indium ("2 > 0.53) which
results compressive-strain; h. as a function of In concentration decreases with in-
creasing N concentration on the low In side whereas it increases with increasing
N concentration on the high In side. The critical thickness h. on InP substrate
is much larger than that of the critical thickness on GaAs substrate for high

In concentration. It is clear from this figure that the growth of indium rich
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Figure 4.6: The calculated variation of the critical thickness of

Gaj_,In,N,As;_,_.Sb, QW wversus In concentration on GaAs substrates
for (001) and (111) growth orientations. Dashed- and solid line represents the
variation for (001) and (111) growth orientations, correspondingly. Closed dots
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We also present in fig.’s 4.6 and 4.7 an investigation of the effect of the
antimonite on critical thickness of GalnAsN alloys with widely varying compo-
sitions of antimonite, indium and nitrogen. Fig 4.6 and 4.7 presents a detailed
study of the interactions between these atoms to help an understanding of the
role of antimonite in h. in dilute nitride materials. The combined effect of In,
Sb and N can be summarized when the compressively strained GalnAsNSb QW

is grown on GaAs substrate as;

(1) In concentrations cause faster reductions in h..

(2) Sb concentrations also lowers h. but these reductions are much slower

compared to that of the In concentration.

(3) N concentrations cause an increase in h,. when the compressively strained
GalnAsNSb QW grown on GaAs substrate.

When the GalnAsNSb QW is grown on InP substrate;
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Figure 4.7: The calculated variation of the critical thickness of
Gay_zIn,NyAs;_,_.Sb, QW versus In concentration on InP substrates for
(001) and (111) growth orientations. Dashed- and solid line represents the
variation for (001) and (111) growth orientations, correspondingly. Closed dots
represents the experimental values.
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(1) In concentrations cause faster reductions in h,. for both increasing tensile

and compressive strain.

(2) Sb concentrations cause a decrease in h, on compressive side, however

cause an increase in h,. on tensile side.

(3) N concentrations cause an increase in h. on compressive side and a de-
crease in h. on tensile side. Although the effect of Sb and N are reserved
on tensile and compressive side, it is clear from 4.7 critical thickness
values are greatly improved except for low- and too high indium concen-
trations in GalnAsNSb on InP substrates.

4.6 Conclusions

Long wavelength semiconductor lasers in the range of 1.3 ym — 1.55 um
are very important sources for optical fiber communication. Due to the highly
nonlinear effects of N on band gap of the InGaAs grown on GaAs substrate,
N is incorporated in InGaAs to decrease the band gap and make GalnAsN a
suitable material for long wavelength semiconductor laser diodes at 1.3 pum —1.55
uwm . Before the development of GalnAsN, it was impossible to obtain these
wavelengths from a coherently grown material on GaAs due to the very high
strain in the active region.

Since GalnAsN system has been proposed as a material for 1.3 pm emitting
lasers on GaAs substrate, it has been realized that the optical quality of the
material deteriorates due to a restriction in the optimal growth parameters when
the nitrogen concentration is above 2.5%. The degradation results in a higher
threshold current density for lasers. Recently, GalnAsNSb has been found to be a
potentially superior material to GalnAsN for long wavelength laser applications.
It has been explored that the addition of Sb to the GalnAsN system improves
the crystal quality. In addition, the introduction of Sb atoms to the GalnAsN
compound is an approach to shift the laser emission wavelength of GalnAsN
system to 1.55 pum . This makes it possible to obtain low bandgap energy at a
relatively low nitrogen concentration.

Enormous progress has been achieved in GalnAsN semiconductor alloy on
GaAs substrate for both its fundamental properties and its potential applications
for 1.3 um — 1.55 pm lasers. In contrast to this large amount of work reported
on dilute Ga;_,In,As;_ N, on GaAs, only a few studies have been published so
far on the growth of strained Ga;_,In,As;_,N, on InP substrates and there is
no work about the comparison of the h, of the Ga;_,In,As;_,N, alloys on GaAs

and InP substrates up to our knowledge. In this work, we have investigated
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the role of N and Sb on the critical thickness of strained GalnAsNSb QWs on
GaAs and InP substrate for (001) and (111) orientations. We have shown the
expected variation of which the critical thickness h. decreases with increasing
In concentration when the InGaAs layer is grown on GaAs substrate. We have
illustrated that the limitation of h,. is eliminated when the compressive InGaAs
wells are grown on InP substrate. At the second part of our calculations we
have examined the effect of the addition of Sb atoms to GaAs. Our calculated
results were in agreement with experimental results. It has been seen from the
results that the effect of addition of Sb atoms is similar to that of the In atoms
of both causing a reduction in h.. However, the use GaAs,Sb;_, QW instead
of In,Ga;_,As brings an advantage from the point of view of h.. Since a fixed
emission wavelength can be obtained for lower concentration of Sb in GaAs,Sby_,
QW than that of the In concentration in In,Ga;_,As, much larger critical layer
thicknesses can be obtained for GaAs,Sb;_, QWs.

At the third part of our calculations we have calculated improved h,. values
for GalnAsN QW due to the strain compensating effect of N atoms. It has
been noticed from our calculations that the variation of h. with increasing N
concentration is different when GalnAsN wells are grown on InP substrate. We
have shown that the growth of indium rich GalnAsN QW is possible on InP
substrates due to the improved critical layer thickness. The problems that has
been met in GalnAsN QW due to the high In and N concentrations can be
eliminated by means of introduction of Sb atoms into GalnAsN. The calculated
results indicate that GalnAsNSb has still the constraint of critical layer thickness.
On the other hand, the use of quinary GalnAsNSb on InP substrate brings
improvements in critical thickness, enables incorporation of the desired indium
concentration and allows tuning of the required wavelength. Therefore, this wide
wavelength range coverage makes GalnAsNSb QWs on GaAs and InP substrates

as a great active layer candidate for long wavelength lasers.
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CHAPTER 5

THE ANALYTICAL SOLUTION OF
SCREENED COULOMB POTENTIAL
AND BINDING ENERGIES OF
DONOR IN GAASN

5.1 Introduction

There is a lot of work on the impurities in semiconductors because they have
a very special role in controlling the conductivity of semiconductors. When an
impurity is added into the lattice, mobility and its transport properties change.
With doping, one can observe impurity states and these states have bearing
on the electronic and optical properties of semiconductor heterostructures. In
particular, the hydrogenic shallow donor state of electron bound by Coulombic
electrostatic force of excess charge of impurity is used to construct semiconductor
diodes, transistors and numerous types of semiconductor electronic and optoelec-
tronic devices, including lasers [96]. The dielectric constant of the crystal and
screening effect by free carriers are the important factors which determine the
coulombic force.

In this study, we investigate the effect of screening and dielectric con-
stant on electrostatic force of a shallow donor impurity and its binding energy in
GaAsN heterostructure. Screening occurs due to the free carriers in semiconduc-
tor. The electrostatic interaction is shielded by the carriers which exist between
ionized shallow donor and its bound electron. We aim to present the relationship
of screening factor, temperature, nitrogen and free carrier density for GaAsN al-
loys in this study. We try to reveal the effect of the dielectric constant on the
interaction between shallow donor and its bound electron.

In GaAsN, Si is a typical donor and sits on the Ga site [97]. Si being a

group IV element gives an electron into the crystal as a shallow donor. Binding
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energy of this electron will be calculated by solving screened coulomb potential.
When we consider GaAsN as a bulk semiconductor, electron effective mass will
be proportional to the inverse of second derivative of conduction band dispersion
relationship for a parabolic band. The non-parabolic dispersion and strong N
dependency of conduction band of GaAsN causes unusual behaviour of electron
effective mass and binding energy of shallow donor. This unusual behaviour of
electron effective mass and the variation of mass-dependent binding energy will
also be presented in this study.

We assume that the interaction between the electron and ionized donor is

described by the screened coulomb potential which is given by

62

V(r) = — exp (—ar) (5.1)

where « is the screening parameter which is due to free charge carriers in the
semiconductor and e is the carrier charge while ¢ is the dielectric constant. Be-
cause the corresponding Schrodinger equation for this potential does not admit
exact analytic solutions for non-zero angular momentum, various numerical and
approximate methods [98, 99, 100, 101, 102, 103, 104, 105] have been developed
in the past. More recently, a new methodology [106, 107] has been introduced.
The results of our calculations in the frame of [106, 107] show that binding en-
ergy is strongly dependent on temperature, free carrier density and Nitrogen
concentration of ITI-V-N alloy.

We first present this novel formalism used in our calculations to obtain
bound states of the related screened coulomb interaction. Then we discuss in de-
tail the corresponding screening parameter « in the present work and the related
Bohr radius as a function of nitrogen concentration and present the calculated
binding energy versus increasing nitrogen for the ground state. Finally, we out-

line the results.

5.2 Theory

In the model presented by authors [106, 107] the Schrodinger equation is
safely decomposed in two parts. In other words, the potential in eq. 5.1 is

splitted in two pieces

V;fotal (T) = ‘/exact (7”) + VZDert (T) (52)

where V.. represents an exactly solvable part that corresponds to the Coulomb
potential and V).,+ denotes a perturbation term.Then, one can treat the Coulomb

potential easily using the supersymmetric quantum theory [108] defining a proper
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superpotential such that

h n+l+1 m e?
Wn == Vo 5.3
Vo2m T * 24me(n+ 0+ 1)h (5:3)
leading to
h ) e?
Vvea:ac = V::ou om = W2 - W = ——
) s (7) "oV2m " dmer
me’ hE(0+1)

,n=0,1,2... (5.4a)

_l’_ _
oh? (4me)’* (n+(+1)>  2m 12

therefore, the related wavefunction appears as

2me? e 1
dre (n+ L0+ 1)h n+0+1

,,J—‘rl m€2
X exp (— 27“)
4dmeh (n+2€+1)| 47T€(7’l+€+1)h

me2n/!
L2+ ( 2me” 7“) (5.5)
" \dme(n+0+1)R?

in which L! is an associate Laguarre polynomial. For the calculation of the

corrections to the leading orders of energy and wavefunction for the perturbed
piece of the potential in the light of [106, 107], one needs to use that in the first

order .
2 9
B , [ €
Aepi = /Xn( 2(4m)r> dr (5.6)

V2m 1 ) e*a?
AWnl (7") = TX—% / Xn (7") (Aé‘m + mr) dr (57)
and in the second order
N 2 e’a? 2 2
Aepy = X 6(47T6)T — AW (r) ) dr (5.8)

AW,o (1) = @% /Xi (r) (Aeng + AW?, (r) — 6?4?1’6)7“2) dr (5.9)

n

where AW terms are related to the corrections for the superpotential term (eq.
5.3) which are strongly required for the corrections to the zeroth order energy
term. It is stressed that the unperturbed zeroth order energy corresponding to
the Coulomb potential is the one appears as the second term in right hand side

of eq. 5.4. Hence, the approximate analytical expression for the low-level (n = 0)
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energy of the full potential of interest is given by

4

E _ me
"o (4me)? (0 + 1)
e? R,
4e) it
(127;2712 a3 (0+1)2(0+2)(20+3)

he (4775)2 4 4
———a (+1)" ({+2)(20+3) (5.10
et 1) () (20+3) (5.10)
for different suborbitals(¢ = 0). We observed in our earlier work [106] that the
above novel discussion is capable of producing physically acceptable successful
results which were found in very good agreement with the accurate numerical

integration results.

5.3 Calculation of binding energy of donors

in GaAsN by using the analytical method

There are measurements and theoretical works for shallow donor states of
Si-doped n-type GaAs semiconductors. For example, in the study of Sze [109],
measured value of the binding energy of shallow donor in Si-doped GaAs is given
as 0.006 eV. In order to calculate this value, the most known way is to consider
the unionized donor as an electron-proton pair in hydrogen atom. Therefore, it
can be described by semiclassical model by Bohr [110]. The ground state binding

energy of the neutral donor-electron pair for bulk is given by coulomb energy

m* et

Ep = _2712(5—6% 0 ey (5.11)

similar to the Coulomb energy in eq. 5.10. From de Broglie wavelength A = h/p,

we can write Bohr radius as following

me A h _ AmeR?((+1)

a = — = =
B2 on/2mrEp mie?

For GaAs, if the I' valley electron effective mass is taken as m} = 0.067 m, and

(5.12)

the relative dielectric constant ¢ = 13.2 gq [111], the energy and the Bohr radius

for £ = 0 can be found as

ED(GaAs) = —5.23 meV (5.13&)
ap(Gans) = 104 A (5.13b)
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Up to our knowledge, measurement for the binding energy of shallow donor
in bulk GaAsN doesn’t exist in literature and the study of Wu et. al. [111] is
the available single theoretical work on this subject. Wu et. al. has used the
variational technique to obtain binding energy of shallow donor with screening
effect. However, in that study the meaning of screening parameter has not been
emphasized and binding energy has been found only for a specific value. We aim
to clarify the meaning of screening parameter «, find out the influence of it on
potential and calculate the binding energy of shallow donor for GaAsN by using
screened coulomb potential. Therefore, we take into account the contribution of
free electron screening in the system using eq. 5.10 by which binding energy of
shallow donor can be obtained.

Effective mass of conduction electron is found by using the relation between
k—dependent non-parabolic conduction band energy of GaAsN and electron mass
which is 2

M0 = B (hoy) JOR2 (5.14)
where conduction band dispersion relationship F_ (k,y) is given by eq. 3.1. The

static dielectric constant ¢ is dependent on variation of band gap and lattice
constant. We can write an equation for static dielectric constant € which is

adoption of empirical equation proposed by Chadi and Cohen [112]

1 1
Bes (ai{f (W) Ey(y) a2 (0) E, <o>)] o 00

where lattice constant of GaAsN can be found by using interpolation method

e(y) =

Alat (y) = Y * Qlat—GaN + (1 - y) * Qlat—GaAs (516)

and E, (y) is E_ (k,y) at k = 0. [ is an empirical value which equals to 159.0
eVA3/2. As can be understood from the eqs. 5.14, 5.15 and 5.16, binding energy
of GaAsN is affected by band gap, mass and lattice constant.

The calculated variation of £, for GaAsN according to eq. 3.1 gives a rapid
decrease band gap energy as can be seen in fig. 5.1. The addition of 1% N into
GaAs leads to a change of 0.1 €V in the band gap. This result which is obtained
by BAC model is agreed with the experiments. The change of static dielectric
constant as a function of nitrogen concentration for GaAsN is also shown in fig.
5.1. The static dielectric function increase € almost linearly with increasing N
concentration in contrast to the rapid variation of the energy band gap with N
concentration. The reason of this behaviour is the inverse relationship of static
dielectric constant with band gap (eq. 5.15).

The effective Bohr radius is calculated by using eq. 5.12 and effective
mass is obtained from the relationship m* = h*/(0*E_ (k,y) /0k?). Fig. 5.2
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Figure 5.1: Minimum band gap(solid line) calculated by Eq. 3.1 and static
dielectric constant(dashed line) obtained by Eq. 5.15 as a function of the N
fraction for GaAs;_,N,.

presents the expected increase of effective mass with N concentration. Effective
mass increases rapidly up to "1% of N, after this value the increase is slow. As
can be seen from eq. 5.12 effective Bohr radius is dependent on effective mass
and static dielectric constant. For N concentration< ~1%, the effective mass is
a dominant factor causing a rapid fall of effective Bohr radius; whereas for N
concentration> ~1% static dielectric constant is the dominant factor causing an
increase of effective Bohr radius. These results are valid in the case of o = 0.
The background mobile electron density increases with increase of the dop-
ing levels. This background density causes screening of the bare coulomb poten-
tial (1/r) which is produced by the impurity itself. The screening parameter «
for GaAsN can be found by solving Poisson’s equation as described below. The
concentration of impurities, holes and electrons induce a charge distribution.

This charge distribution can be expressed by Poisson’s equation as
V2V = —g(p—n—i—ND) (5.17)

where local hole density p is n;e =2V +#)/FT Jocal electron density n is n;e?V+#)/kT
impurity concentration Np is ng—po = n;e?%/*"' —n,e~1%/kT  The Poisson’s equa-
tion exists around an ionic charge q. The potential V' is described by screened
coulomb potential which is given by eq. 5.1. We get an analytical equation of
screening parameter for GaAsN followed by Young et al. [113]. Putting known
parameters into Poisson’s equation, we get

) q n@.e*fI(VJréf’b)/kT — niefI(VJﬂi’b)/kT
v V -z _|_n2611¢h/kT — niequsb/kT

(5.18)
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Figure 5.2: Electron effective mass(solid line) at I' valley and effective bohr
radius(dotted line) as a function of N concentration.

where k, T, q, n;, ¢, are Boltzman constant, temperature, electronic charge,
intrinsic electron concentration at temperature 7" and Fermi-level shift, respec-

tively. For V' < kT Poisson’s equation becomes

_ﬂ . _Q¢b/kT ﬂ . Q¢b/kT
W i€ -+ W i€

V2V — _g +ni€_q(bb/kT _ nieq(ﬁb/kT (5.19)

) +n; et/ — e adu/KT
v2y — 4 ( o~ a%/KT _agy iy 4V 5.20
_gnle + n;e )kT (5.20)

2n,;¢>
V2V = ;—;{V cosh C]]%i’ (5.21)
Substituting the eq. 5.1 into eq. 5.21, we get
2n,q? cosh 42 @ (N% + 4n2)/?

a(T,ni, ¢,) = \/ kT = ngJT (5.22)

where intrinsic carrier concentration n; can be obtained using the empirical

equation|114]

n; (y7 T) = (Nc (y) Nv (y))1/2 exXp <—w> Cm_3 (523&)
3/2
where N, (y) =2 (W;#) and (5.23b)

2rm kT 3/2
Ny (y) =2 (T) (5.23c)
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m,. is the effective electron mass in conduction band, m, is effective hole mass in
valence band. From interpolation method the effective hole mass can be written
as

m, = 0.62 + 0.2354y (5.24)

According to the eqs. 5.22 and 5.23, «, n; and N, strongly depend on temperature

and nitrogen concentration. Figure 5.3 shows the close relationship between N

I N=10"m? ' ' ' 1 1E24
1. D 3
T J1E23
S 014 .,
L I N=107m  quE2 g
o) ] 4 1E21 5
2 0014 o 1 2
JE TRy
= 1E3) 41E19 3
£ iIN=10%m?® ] o
= N, » {1E18 8
] 4 ) 3 ]
= — 16~ -3 <,
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E 4 1E16 3,
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Figure 5.3: The variation of screening parameter «(dashed lines) and intrinsic
carrier concentration(solid line) with increasing nitrogen concentration. « is also
dependent on donor concentration.

concentration, the amount of donor impurities, the intrinsic carrier concentration
and the strength of screening parameter. The rise of nitrogen concentration
causes an increasing of intrinsic carrier concentration (see solid line). Dotted
lines show the donor concentration dependence of screening parameter o which
is described in atomic unit. Nitrogen and donor concentrations result an increase
in screening. An interesting point in figure 5.3; the solid line which shows N-
intrinsic carrier relationship and the junction of the dotted lines which shows the
donor-screening relationship are overlapped.

Wu et. al. [111] has taken the screening parameter as 1 a.u.”' during
the calculations of the binding energies by using variatonal technique. However,
the screening parameter can not be chosen arbitrarily due to its dependence of
temperature and N concentration. In this case, the screening parameter should
be taken as the values which are allowed by eq. 5.22. Therefore, the survey
of screening parameter o has provided more sophisticated comprehension of the
relationship between nitrogen and binding energy. Fig. 5.4 illustrates how the
binding energy varies with N concentration and the screening parameter «.. After

a small increase of binding energy up to N< 0.5%, the energy is decreasing with
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Figure 5.4: The binding energy variation(solid line) for the ground state as a func-
tion of the nitrogen concentration. The change of effective Bohr radius(dashed
line) and screening parameter can be seen in this figure.

N concentration. As mentioned before, the reason of this behavior is mass- and
dielectric constant-dependence of the binding energy. The initial dominance of
effective mass causing an increase of binding energy, for N> 0.5%, static dielectric
constant becomes dominant causing a decrease of binding energy. This result is
in agreement with the study of [111]. An increase of screening parameter causes
a decrease of binding energy. This behaviour is also in agreement with the result

of [111]. Furthermore according to the empirical expression of [115] which is

N 1/3
Ep = Eno (1 - ( & ) ) (5.25)
Ncrit

where FEpg is binding energy without screening. According to this equation

given by

binding energy vanishes if donor concentration Np is equal to critical value N.;
which is different for materials. Eq. 5.25 supports reliability of our results
because the binding energy is going to zero with increasing of donor concentration

in our calculations.

5.4 Conclusions

We have investigated the effect of nitrogen on intrinsic carrier density,
screening parameter, effective Bohr radius and binding energy of shallow donors
in GaAsN alloys. We explain the meaning of screening parameter for GaAsN as

the inverse of screening parameter being equal to another well known parameter,
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Debye length.

In literature, the problems which are related to coulomb and screening
coulomb interaction for bulk and low dimensional semiconductors are generally
solved by using variational variable technique. However, this technique is tedious
and the results can be found by solving integrations by aid of computer and
the results are not reliable and stable. Under consideration of these reasons,
we have used more effective, reliable and simple equation(eq. 5.10) of Gonul
et. al. [107] which has been proposed to solve Yukawa-type potentials. In the
present study this efficient model is used to investigate the relation between the
binding energy of hydrogenic shallow donor in bulk GaAsN alloys for different
screening parameter and N concentration observed that the screening parameter
appearing in our work causes a strong variation of the both, binding energy and
N concentration. The analytical method of [107] can also be applied to solve
the problem for low-dimensional systems and excitons as well. Along this line,

the works are in progress.
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CHAPTER 6

A THEORETICAL INVESTIGATION
OF OPTICAL MODE
CONFINEMENT IN GAINASN QWS
ON GAAS AND INP

6.1 Introduction

Both carrier and optical mode confinements are the basic ingredients while
designing the semiconductor quantum well lasers. The former strongly depends
on the band offsets of the heterostructures and the latter is mainly associated
with the difference in the refractive index between the wave guiding core and the
cladding layers. 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 layer can be engineered by means of adding nitrogen into InGaAs.
We investigate, in this work, the refractive indices of the heterostructures and the
corresponding optical confinement factors of the proposed ITI-N-V laser material
systems on GaAs and InP substrates.

Experimental studies have shown that GalnAsN alloy has also some in-
teresting optical parameters such as refractive index which increases with an
increase of N concentration for strained GalnAsN layers [116, 117, 118]. This
enables GalnAsN to be used as an active layer in vertical-cavity surface-emitting
laser structure [118]. The band gap of the GalnAsN semiconductor layer can be
engineered by means of adding N into InGaAs; an increase in N concentration of
bulk GalnAsN causes energy gap reduction and this result in increase in refrac-
tive index values. Therefore, the tendency for the refractive index to increase
with decreasing band gap energy is the same as that observed in conventional
ITI-V semiconductors. This may lead to better optical confinement in GalnAsN

semiconductors which has already the superiour property of better electron con-
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finement. Better carrier and optical confinement greatly reduces the threshold
current density and permits continuous operation at room temperature [119].
We have previously shown that conventionally- and strain-compensated N-based
lasers have better band alignment than that of the III-V semiconductor laser
systems and therefore N-based lasers can be offered as ideal candidates for high
temperature operation. In order to be a complementary study from the confine-
ment point of view, we present in this work the calculations of refractive index
and optical confinement factor of III-V and ITI-N-V semiconductor systems and
provide the comparison of the confinement in conventional semiconductors with
that of dilute nitride semiconductors. There has been no extensive theoretical
work about refractive index and optical confinement factor of GalnAsN up to

our knowledge.

6.2 Theory

6.2.1 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 simpli-
fied for the transparency region fiw < E, by considering only the first band
gaps(Ey, E; + Ag)

E

g )'f(m)+B (6.1)

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

1
fla) == @2=VIitom —VI—m) (6.2)
1
where r; = Z—‘: and
1
f#2) = = 2=Vt 2= V1-1) (6.3)
2
where z; = EQTAO . A and B parameters of quaternary compound semiconductors

are calculated by interpolation method.

6.2.2 Five-layer symmetric slab theory

The obtained laser light should 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 6.1.
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Parameter | A B E,(eV) | Ag(eV)
GaAs 6.3 9.4 1.42 0.34
InP 8.4 6.6 1.35 0.11
AlAs 253 | —0.8 [295 0.28
InAs 5.14 | 10.15 | 0.36 0.38
GaP 22251 0.9 2.74 0.08
AlP 241 | =2.0 | 3.58 0.07
GaN 9.31 |3.03 | 3.299 0.0

InN 53.37 | —9.19 | 1.89 0.0

Table 6.1: The required parameters related to the refractive index of the mate-
rials.

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

Eu(m,2,t) = Acos(hz)e'“t=P2).0 < |z| < a (6.4)

(2) Electric field distribution for barrier region :

§palr, 2,1) = B cos(hyx)e!@=P): g < |z| < b (6.5)

(3) Electric field distribution for cladding layer region :
§a(T,2,t) = CeMawei@t=h2). p < |z < ¢ (6.6)

The field distributions for even-order modes are written:

For now, we don’t consider exponential complex part; If we apply the boundary
conditions to electric fields, we can see that; At x = a ; §,,(a) = {,5(a) and so
Acos(hya) = Beos(hga)

Acos(hia) Acos(hia)
_ _ Acostua) o (h 6.8
COS(hga) — €y2(x) COS(hQG,) COS( 21’) ( )
Atz =b; (b)) =&,3(b) and so
Acos(hia) o —hab
W COS(th) =Ce (69)
Acos(hya)ehs Acos(hia) b (b
_ — 2PV cos(hgb)els(b2) 1
¢ cos(haa) cos(hab) = £y3() cos(haa) cosihable (610)
Atx=a; %1 @ _ %pel@) 0 g0

ox ox
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2a

Figure 6.1: The illustration of the five layer slab waveguide.

—hyAsin(hia) = —hy 289 gin (hya)

\ cos(haa) (611)
tan(hia) = 32 tan(hea)
At oz = b; Pnle) _ af’éi(m) and so
A i) = A o))
hs tan(hab) = hs (6.12)

ha tan(hgb) = hy = hy = arctan(Z—z)
substituting 6.12 to 6.11.

ho ha h
tan(hia) = > 2 tan(hga) = hya = arctan(h— tan(b arctan(h3))) (6.13)
1 1 2

where h? =kn?—-p5* h} = k*n? — ? ; h} = B* — k*n}
M is eliminated because we will study M = 0 mode. In addition, expo-
nential terms have not been considered because they are cancelled in confinement
factor calculation (electric field is multiplied by its conjugate).
If kny > B > kns  then equation 6.13 will be as following:

h h h
tan(hia) = h_2 tan(hqa) = hija = M7r+arctan(h—2 tan(% arctan h(h—s))) (6.14)
1 1 2

where h? =k*n?—p* ht = 32— k2n2 : B2 = B2 — k22

We have two options:
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n2-—n2 h el

—2 < ! <1 1.condition

ny—ng k\/nﬁfng 6.15
n2-n2 cps ( ' )
— 2.condition

h
T ky/n?-ni — ni—nj3

To understand these equations we may view at relationship equations between

electric fields, refractive index, propagation constant and wavelength.

_ foa 531(1‘, z,t)dx
foa Ezl(mv Zs t)d$ + f: 532;2(1‘7 2y t)d$ + fbc 532/3(1‘, 2, t)dl’

Optical confinement factor calculation can be made merely with above equation.

(6.16)

However, electric fields are obtained from the calculations which have refractive
indices analysis. These indices are dependent wavelengths and this condition
causes complicated and different type solution ways.

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

tical confinement factor.

v?2 = a?k*(n? — n?)

u? = a®(k*n? — B%) = a®h?

w? = a?(8* — k*n2) = v? — u? = a?h? (6.17)
2 = a®(k*n? — B*) = u? — 02 = a®h3

2 = 2(82 — k2n2) = 02 — u? = a2h?

2 2

= ~ 6.18
¢ TL% — n§ ny — N3 ( )
t w b
u = Mm + arctan(— tan(arctan(?) —t(——1))) (6.19)
u a
if t —at”
t” w b
u = Mm + arctan(— tanh(arctan h(tT) —t"(-=—1))) (6.20)
u a
if c <wufv<1;

U+ sinu cosu
I'= B ) 2 w2 - 9 b 1 (6'21)
u +sinucosu(l — %) +u(cos? u + Y45 sin“u)(2 — 1+ )

a

if 0 <wu/v<g

U+ sinu cosu
I'= - ) 2 w2 - 9 b 1 (6'22)
u+sinucosu(l + 5z) + u(cos> u — fFzsin®u)(y — 1+ o)

a w
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6.3 Calculation of refractive index and opti-
cal confinement factor in InGaAsN by us-

ing the analytical method

The spectroscopic ellipsometry measurements [116, 117, 118, 120][116] have
shown that the refractive index of strained GalnAsN/GaAs layers increases with
increasing N concentration. 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 semi-
conductors due to the agreement with experimental observations. Firstly, it has
been stated by Sato et. al. [117] that III-N-V semiconductors have the largest
refractive index compared to III-V semiconductors. Figure 6.2 confirms this pre-
diction by means of using Adachi’s model for refractive index calculations for
GaAs, InGaAs and InGaNAs with increasing N concentration. As shown in Fig-
ure 6.2 the refractive index of InGaNAs is greater than that of both GaAs and
InGaAs. The same figure also shows clearly that the refractive index increases

with increasing N concentration as has been predicted experimentally.

3.70 T T T T T T T T T T T T T T

] GaAs ; Eg:1.4240 eV 1
3.65+ —InGaAs ; Eg=1.1602 eV -
. _ InGaAsNu005 ; Eg:1.0723 eV |
3.60 - — |I’IG<";\ASND.01 ) Eg=0.9998 ev

——InGaAsN,, ; E=0.8773eV |

3.554

refractive index

3.50 4

3.454

3.40 : , : , : ,
1.2 14 16 18
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Figure 6.2: Calculated refractive index values for GaAs, InGaAs and GalnNAs
with increasing N concentration.

In the contour plot in Figure 6.3 we show the calculated nitrogen and
wavelength dependence of refractive index according to Adachi’s model for the
GalnAsN on GaAs substrate. As can be seen from figure 6.3 that the refractive
index for a fixed wavelength first increases with increasing N concentration and

then reaches its maximum value when the strained band gap energy of InGaNAs
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alloy becomes equal to the energy of photon (red shapes). Beyond this critical
point the refractive index starts to decrease with increasing N concentration since
after this point the energy of photon becomes greater than the strained band gap.
Figure 6.3 also shows the variation of refractive index for a fixed N concentration
as a function of wavelength of photon. The general trend is that refractive index
increases with decreasing energy and reaches its peak value when the photon
energy becomes comparable to the strained band gap energy and then it decreases
with further decreases in energy of photon. We have calculated that the increase
in In concentration has similar effect on the refractive index of InGaNAs. Until
now we have calculated the refractive indices assuming that the photons having
different wavelengths are falling onto the semiconductor alloy. However, photons
are produced inside the quantum well (QW) with an energy corresponding to the
transition energy between conduction and valence subbands. Therefore, each In
and N concentration corresponds to a photon having different energy inside a
GalnAsN QW.

The contour representation showing the In and N dependence of refractive
index of GalnAsN QWs in which the energy of photon is equal to the transition
energy is given in Figure 6.3. As it is clear from Figure 6.4 that the refractive
index of GalnAsN QWs is a complex function of In and N concentration and
gets worse with an increase of In and N concentration. It gets better when
the N concentration becomes greater than 3% but the light emitting devices
deteriorates when N concentration reaches this value.

The optical confinement factor I', which is usually defined as the fraction
of the squared electric field confined to active region [121, 122, 123], is an impor-
tant parameter in calculating the threshold current for semiconductor lasers. The
aim of this section is to compare the optical confinement factor I' of conventional
ITI-V semiconductors with that of the III-N-V semiconductors for separate con-
finement heterostructures (SCH). A five layer dielectric slab waveguide model is
employed to calculate I'. In a SCH the quantum well active region and surround-
ing barriers are sandwiched between optical confining layers. The advantage of
this structure is that the confinement of radiation to the recombination region
can be made superior to that for the conventional double heterostructure lasers,
so that there is more efficient pumping of the optical field by the recombina-
tion processes. We consider three different laser structures operating around
the 1.3 um wavelength for comparison. The first type of device studied is the
P-based laser, which consists of Gags3lnge7PoosAsore / Gag.1IngoPorsAsgas /
InP with unstrained QWs. The second type of device is the Al-based laser with
Aly175Gag.oo5Ing 73As / AlgorGagoi1lngs7As / InP structure parameters and the

well is 1.4% compressively strained. The third type of device is the N-based laser
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Figure 6.3: GalnNAs on GaAs substrate as a function of N concentration and
wavelength of photon. The top z-axis shows the energy of photon and right
y-axis shows the strained band gap of the GalnNAs on GaAs substrate for N

concentrations stated on the left y-axis.
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with 1.7% compressively strained Gag 7Ing3Ng.022A80.098 QWs between GaAs bar-
riers and Aly 1 GaggAs cladding layers. The cavity length in all structures is taken
as 610 pym. As seen in figure 6.5, I for the three laser system increases with the
thickness of the active region as expected. It is also seen from figure 6.5 that
Al-based laser system has the highest I' compared to the others. Since all the
laser systems have the same emission wavelength, the difference between the I"
of the three laser system is due to the differences between the refractive indices
of the barrier and cladding layers. The laser system having the largest refractive
index difference between the barrier and cladding layer has the largest I' The
refractive indices of the layers of the three laser system are tabulated in Table
6.2.

Well Barrier Cladding
System refractive refractive refractive

index index index
InGaAsP | 3,7034 3,2676 3,1906
GalnAsN | 3,7036 3,4501 3,3993
AlGalnAs | 3, 7597 3,4518 3,1906

Table 6.2: The refractive index values of three different layers for the systems
of Gag.33Ing.e7Po.2sAso.72 / Gag.1Ing 9Py 78 Asg 22 / InP, Alp 175Gag.095In0 73As /
A10,27Ga0,211n0,52As / InP and Ga0.7In0,3N0_022ASO,978 QWS between GaAs bar-
riers and Al GaggAs cladding layers.

Therefore, one can conclude that the use of different barrier and cladding
layers may improve the laser system from the standpoint of optical confinement
factor. Figure 6.6 illustrates this happens indeed: the use of different barriers
and cladding layers can either increase or decrease the I' of the N-based laser
system. The use of different barriers introduces strain compensated laser system
and may bring benefit to the laser system. As seen in figure 6.6, the use of the
tensiley strained GaAsN barrier brings improvements to the I', since the I' of
the N-based laser system is doubled with GaAsN barrier compared to the GaAs
barrier. In addition, it is now commonly accepted [124, 125] that the introduction
of N into InGaAs causes an ideal band alignment of deep conduction- and shallow
valence-wells, see figure 3.1. The calculation details of the band alignments can

be found in our recent papers [124, 125].

6.4 Conclusions

Our calculations confirm the experimental observations that the refractive
index increases in proportion with a decrease in band gap energy both in III-V

and ITI-N-V semiconductors. Our calculations confirm also that
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o) refractive index of InGaNAs is greater than that of III-V semicon-
ductors,

0 refractive index increases with increasing N concentration in GalnAsN
alloys.

Although the band offsets of III-N-V systems are close to that of the ideal
case which leads to have an improved carrier confinement, the optical confine-
ment of ITI-N-V laser system is worse than that of the 1.3 ym III-V laser systems.
This leads to poor optical confinement in III-N-V laser system. However, the op-
tical confinement can be improved by means of introducing strain- compensated
barrier to the III-N-V system.

As a summary, strain-compensated laser systems improves both carrier and

optical confinement significantly.
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Figure 6.5: The variation of the optical confinement factor I' versus the thickness
of the active region for the laser structures of InGaAsP, AlGalnAs, and GalnNAs
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CHAPTER 7

CONCLUSIONS AND FUTURE
WORK

The work carried out in this thesis considered the effects of nitrogen, strain,
substrate and growth orientation on the band offset, critical thickness, donor
binding energy and optical confinement factor of GalnAsN(Sb) bulk and QWs
on GaAs and InP substrates. Conclusions have been already presented in the
result part of the related chapters. In this chapter, we briefly summarize and
gather together the major conclusions from the work described in this thesis.

GalnAsN alloy has superior properties compared to that of conventional
ITI-V semiconductors. The main reason of the superiority is the incorporation of
nitrogen N into GalnAs since nitrogen has a profound influence on the electronic

and optical properties of the GalnAsN alloy such as

(1) better electron confinement due to the favourable band-offset ratio,

(2) improved density of states as a result of the matching of the electron and

hole effective masses,

(3) flexibility of tailoring the band gap allowing the extend of the wavelength
of photonic device operation beyond that accessible to InGaAsP /InP and
AlGalnAs/InP.

Hence, GalnAsN gives the potential to produce material lattice matched or
mismatched to GaAs and InP with a wide range of band gap energies. Therefore,
quaternary material system of GalnAsN has attracted a great deal of attention,
both because of unusual physical properties and potential applications in a va-
riety of electronics and optoelectronic devices like quantum well lasers, infrared
detectors, high-efficiency multijunction solar cells and high speed transistors.
Even if the growth stage of dilute nitride III-Vs and quaternary alloys on GaAs

or InP is problematic, development in thin-film deposition have allowed these



76

materials to be grown with ever-improving crystalline quality, which in turn im-
proves their optical and electronic performance.

GalnAsN heterostructure material has unusual fundamental properties which
have been observed experimentally. First of all, it has the large band gap bowing
parameter which causes a rapid reduction in band gap of GalnAs with incorpo-
rating small amount of nitrogen. Furthermore, new energy state £, has been
observed in the conduction band, which is not present in a usual semiconductor.
A strong increase of electron effective mass with increasing N concentration has
been reported.

The physics behind the unusual characteristics of GalnAsN has been overviewed.
The derivation of band anticrossing model has been introduced and the calcu-
lated band gap variation versus nitrogen and indium has been shown in the
figures. We expect that to understand the physics of nitrogen incorporation
and the meaning of band anticrossing provide a wide comprehension about the
related calculations in other chapters.

We have shown that model solid theory is an appropriate model to per-
form the band offset calculations of GalnAsN QWs and band anticrossing is a
model to describe the composition dependence of band gap energy of GalnAsN
on GaAs and InP substrates. We have indicated that the incorporation of nitro-
gen into the system provide to reach the laser beam wavelengths in a range from
1.3 pm to 2.3 pm. On the other hand, the addition of nitrogen into GalnAs on
GaAs and InP improves the band alignment of the system. Furthermore, the
band alignment of strained GalnAsN/InP QW laser systems is better than that
of the GalnAsN/GaAs. Our calculations have shown that the introduction of
opposite strain to the barrier in N-based lasers on both GaAs and InP substrates
not only result deep electron wells but also cause the electron wells being much
deeper than that of the hole wells which is essential to have good high temper-
ature characteristics. Our calculations have indicated that the band alignment
of N-based conventionally strained QW laser systems on InP with high indium
concentration (beyond 53%) compete with the ideal band alignment of GalnAsN
/ GaAs lasers.

In order to obtain high optical quality structures, the layer thickness must
be less than the so called critical layer thickness h.. Despite great efforts for inves-
tigation of nitrogen incorporated ITI-V’s, there is no detailed works concerning
the critical layer thickness of these structures up to our knowledge. We have
presented the role of N and Sb on the critical thickness of strained GalnAsNSb
QWs on GaAs and InP substrate for (001) and (111) orientations. Matheews
and Blakeslee model has been used to calculate critical thickness and we have

shown that its calculated results have been in agreement with experimental ones
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for N (Sb) included III-V’s. We have shown that the critical thickness h. de-
creases with increasing In for InGaAs/GaAs and the limitation of h. is elim-
inated when the compressive InGaAs wells are grown on InP substrate. We
have illustrated that the effect of addition of Sb atoms is similar to that of the
In atoms of both causing a reduction in h.. Since a fixed emission wavelength
can be obtained for lower concentration of Sb in GaAs,Sb;_, QW than that of
the In concentration in In,Ga;_,As, much larger critical layer thicknesses can
be obtained for GaAs,Sb;_, QWs. We have noticed that nitrogen atoms have
strain compensating effects in GalnAsN and so improve the h.. Furthermore,
the choice of substrate and growth orientation changes the critical thickness
values of GalnAsN, completely. The calculated results have indicated that al-
though GalnAsNSb/GaAs QW has still constraint of critical layer thickness,
this problem can be eliminated by means of using InP substrate which provide
improvements in critical thickness.

Incorporation of impurities into the lattice is very important in the de-
velopment of semiconductors as electronic materials. It is also important to
evaluate the shallow donor impurity states which influence the electronic and
optical properties of the semiconductors. We have presented the effect of nitro-
gen on the ground state binding energy of hydrogenic donors in GaAsN. We have
seen that nitrogen concentration has a strong effect on the binding energy and
Bohr radius because it induces nonparabolic conduction band and causes rapid
reduction in the band gap. In order to take into account the screening effect
of donor concentration on binding energy, we have performed our calculations
by means of analytical energy expression of screened coulomb potential which
has been found in our another work. We have noticed from our calculations
that intrinsic carrier density and screening parameter affect effective Bohr radius
and binding energy of shallow donors on which nitrogen concentration has also a
strong effect. We believe that these results are valuable for future experiments.

Finally, we have performed detailed calculations on optical confinement
properties of GalnAsN QW. Optical mode confinement is one of the basic in-
gredients while designing the semiconductor quantum well lasers. We have pre-
sented so called Adachi’s model to calculate the variation of refractive index
and five-layer slab model to calculate optical confinement factor of a semicon-
ductor quantum well laser system. We have shown that refractive indices of
bulk GalnAsN varies with change of nitrogen and indium concentrations and
the wavelength of the applied photon. Our calculations on nitrogen dependence
of optical confinement has shown that the optical confinement of III-N-V laser
system is worse than that of the 1.3 pym III-V laser systems. However, we have

shown that the optical confinement can be improved by means of introducing
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strain-compensated barrier to the III-N-V system.

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. GalnAsN and related materials
is the center of great interest as QW lasers to be used in telecommunication.
There are great number of studies about GalnAsN being a successful candidate
for high speed transistors, high efficient solar cells, long wavelength infrared pho-
todetectors etc. Furthermore, there are limited works on 0— and 1—dimension
properties and surface characteristics of GalnAsN. As a future work, we want to
deal with transport properties of GalnAsN quantum wells, wires and dots and

investigate surface characteristics of N-based layers.
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