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Abstract

A THEORETICAL ANALYSIS OF GalnNAs/GaAs
QUANTUM WELLS FOR LONG WAVELENGTH
EMISSION

ODUNCUOGLU, Murat
Ph. D in Engineering Physics
Supervisor: Assoc. Prof. Dr Besire GONUL
July 2004, 136 pages

I[TI-N-V alloys of Ga;_,InyNyAs;_, display unusual physical properties
compared to that of the conventional III-V semiconductors. While conventional
semiconductors have a tendency of increasing bandgap energy with decreasing
lattice constant, III-N-V exhibit quite different behaviour, an increase of N con-
centration causes a monotonic decrease of the bandgap, instead of an increase,
towards that of cubic GaN.

The work carried out in this thesis reveals that doping and pressure can
cause the III-N-V systems having additional unusual properties compared to that
of the III-V systems.

The theoretical calculations have shown that the effective mass of the elec-
tron increases with nitrogen concentration. This behaviour is opposite to the
conventional semiconductors. We have seen that the addition of nitrogen into
InGaAs leads the GaInNAs system having a band alignment of that of the ideal
case (deep conduction wells and shallow valence wells). Therefore, the use of
GalnNAs as an active layer causes better carrier confinement and hence reduces
the carrier leakage at high temperatures.

We have presented model calculations to analyze the pressure dependence
of band structure, effective mass, optical confinement factor, peak gain and the
differential gain. These calculations have shown that although transparency car-
rier density increases with pressure, the threshold carrier density, can decrease
due to the increased optical confinement factor. The loss mechanism in a semi-
conductor laser are strongly wavelength dependent and pressure can vary the
bandgap. Therefore, we have used the pressure dependence of the above laser
parameters to investigate the loss mechanism for a typical three competing laser
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devices emitting in the neighborhood of 1.3 um. The variation of pressure de-
pendence of laser parameters indicates that aluminium and nitride based laser
systems are superior to that of the phosphide based laser system and offers the
Al- and N-based laser systems as ideal candidates for low threshold and high
speed applications, respectively. We have found that the estimated variation of
phonon-assisted Auger rates with pressure in N-based system has a slower de-
crease than that of the other two laser systems. The threshold carrier density
ny, in N-based system increases with pressure whereas it decreases in Al- and
P-based laser systems. This opposite variation change the overall behaviour of
the threshold current in these three competing laser systems. Our theoretical
calculations indicate a significant increase of the radiative to non-radiative re-
combination current in N-based laser system. This result highlights the intrinsic
superiority of the N-based laser system.

We have presented calculations which shows that doping has a reverse ef-
fect on gain characteristic of GaInNAs/GaAs laser system than that of the N-free
corresponding laser system. So we have concluded, for the first time, that this
is another unusual physical property of nitrogen containing alloys due to the
nitrogen-induced modified conduction band. We have also shown that the gain
characteristics of GalnNAs/GaAs laser system can be significantly improved by
means of doping following the route of the high indium and low nitrogen con-
centration. We have seen that the optimal route of 1.3 um wavelength GalnNAs
would be the choice of the higher indium instead of the higher nitrogen due to the
better matching of the effective masses, favorable band alignment, smaller trans-
parency carrier density, higher peak and differential gain and lower spontaneous
emission factor.

An accurate material gain calculation is a necessary ingredient for a full
characterization of III-V and III-N-V laser systems. Material gain calculations,
generally ignores the Coulomb interaction between electrons and holes. We have
determined that the neglect of the Coulombic attraction between electrons and
holes is an overestimation, since the linear gain is enhanced at least three orders
of the magnitude when these interactions are taken into account.

The optimization of III-N-V quantum well active layer for improved de-
vice performance requires a clear understanding of exciton behavior in quantum
wells. An enhancement of the ground state heavy hole exciton have been calcu-
lated in Ga;-oIn Ny As;_, / GaAs compared to that of the In,Ga,_,As/GaAs.
Moreover, we have seen that the binding energy of the exciton increases with
increasing nitrogen concentration. The close examination of the In/N ratio de-
pendence of the band offsets and reduced exciton mass revealed the fact that
low In / high N route must be chosen to get higher exciton binding energies in
1.3 um laser systems. We have also compared the P-based laser seems as an ideal
laser system due to the enhanced exciton binding energies. N-based lasers have
intermediate binding energy values and Al- based lasers seem the worst one.

Key words: GalnNAs/GaAs, nitrides, band anti-crossing model, pressure,
bandgap renormalization, band offsets, exciton binding energy, gain, doping.
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GalnNAs/GaAs UZUN DALGABOYLU KUANTUM
KUYU LAZERLERIN TEORIK OLARAK
INCELENMESI

ODUNCUOGLU, Murat
Doktora Tezi, Fizik Miihendisligi Bélimii
Tez Yoneticisi: Dog. Dr Besire GONUL

Temmuz 2004, 136 sayfa

Yaygin olarak kullamlan ITI-V yariiletkenler ile ITI-N-V alagim: olan Galn-
NAs karsilagtinldiginda farkh fiziksel ozellikler sergiledigi goriilmiistiir. III-V
yaniletkenlerinin band araligi orgii sabitinin azalmasi ile artarken, III-N-V sis-
temlerde azalmaktadir. Bu alagimda azot konsantrasyonun artmasi kiibik yapidaki
GalInN’in tersine band araligim azaltmaktadir.

Bu tezde yapilan galigmalar katk: atomlarinin ve basincin I1I-N-V sistem-
lerinde, III-V sistemlerine nazaran siradigi 6zelliklere sahip oldugunu gosterir.

Yapilan teorik hesaplamalarda etkin kiitlenin azot konsantrasyonunun art-
mas! ile arttigy gorilmustiir. Bu ozellik yaygin olarak kullanilan yariiletkenlerin
tam tersidir. InGaAs yarniletkenine azot ekleyerek GalnNAs elde edildiginde,
lazerler i¢in ideal yapi olan derin iletkenlik band: ve sig degerlilik band: elde
edilebilmektedir. Bundan dolayi GalnNAs aktif tabaka olarak kullamldiginda
yiik tasiyicillar daha iyi hapsedilebilmekte ve bunun sonucu olarak da yiiksek
sicakliklarda yiik tagiyici sizmalar azalmaktadir.

Basinca bagh olarak degisen band yapisi, etkin kiitle, optik hapsolma
faktorii ve kazang grafikleri model hesaplamalarla analiz edildi.

GalnNAs iiretmek igin azot eklenen InGaAs materyal tizerindeki degisiklikler
anlatildi. Iletkenlik bandi ve azot ekleme sonucu olusan enerji seviyesi arasmdaki
etkilesimlerin band yapist ve artan etkin kiitle fizerindeki etkileri analitik olarak
incelendi.

Hesaplamalarda saydamlik tagiyicl yogunlugunun arttig: ve optik hapsolma,
faktoriiniin artmasindan dolay: egik tagiyici oranlarinda azalma goriildii. Yaniletken
lazerlerde kayip mekanizmas) dalgaboyuna baghdir ve basm¢ band araligim degistirir.
Basincin etkisi ile degigen lazer parametreleri hesaplanarak 1.3 ym’de 1ima ya-
pan birbirine benzer ii¢ lazer sistemi i¢in kayip mekanizmalar incelendi. Al
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ve N lazer sistemlerinin basingla degisen materyal parametreleri P lazer siste-
minden daha iyi sonuclar verdigi goriildii. Boylece Al lazerlerin diisiik esik icin
ve N lazer sistemleri ise yliksek hiz uygulamalar igin iyi birer aday oldugu be-
lirlendi. Hesaplamalarimiz N’li sistemlerin fonon-yardimeili Auger oranlarinin
diger iki sisteme gore yavag diislis yaptigin gostermistir. Egik tagiyic1 yogunlugu,
N lazer sistemlerinde basingla artarken Al ve P lazer sistemlerinde azalmak-
tadir. Sistemlerin bu sekilde farkl: degisiklik gostermesi esik akim degerlerinin
biitiin ozelliklerini degistirmektedir. Teorik hesaplamalarimizda N lazerlerinde
yayihml ve yayihmsiz degerlilik bandindan iletkenlik bandina gecis akinlarinda
artlg oldugunu gostermis ve bu N lazerlerinin olumlu yanlarim aciklamamiza
yardim etmistir.

Yaptiguniz hesaplamalarda GalnNAs yapilarinda katkilamanin kazang karak-
teristikleri iizerinde azotsuz sistemlerden farkli 6zellikler gosterdigi goriildii. Ilk
olarak biz, azot katkili alasimlarin bu farkh ozelliginin iletkenlik bandindaki
degisimden kaynaklandigini gosterdik. Ayrica, Gay_In,NyAs,_, lazer sistem-
inin kazang karakteristiklerinin yiiksek In / diisik N yogunlugu kullamlarak
katkilama yontemi ile iyilegtigini gozledik. 1.3 um dalgaboylu Ga;_;In.NyAs;_,
sistemlerinde yiiksek In konsantrasyonu tercih edildiginde etkin kiitlede, band
yapisinda, gecirgenlik tasiyici yogunlugunda, kazancta ve diigiik es zamanh dagilim
faktoriinde istenilen degerlere ulagtig goriildii.

Kazang hesaplamalar: ITI-V ve I1I-N-V sistemlerinin tam olarak karakterize
edilebilmesi igin 6nemli bir faktordiir. Materyal kazang hesaplamalar yapilirken
genellikle elektron ve bosluklarin Coulomb etkilesmesi gozoniine alinmaz. Bu
etkilesimi kazang hesaplamalarimiza ekledigimizde kazancta yaklagik ii¢ kat artig
oldugunu tespit ettik.

I1I-N-V lazer sistemlerinin optimizasyonunda eksitonlarin davraniglarininda
anlagilmasi gerekmektedir. Gai_zIn;NyAs;_,/GaAs ve In,Ga;_,As/GaAs igin
eksiton hesaplamalar: yapildi ve bu iki sistem karsilastirildi. Azot yogunlugunun
artmasi, eksitonun baglanma enerjisini arttirmaktadir. Degerlilik ve iletim bandi
derinligi ve indirgenmig eksiton kiitlesinin, In/N oranina bagimlihgini ortaya
cikaran hesaplamalar, 1.3 pym lazerlerindeki eksiton baglanma enerjisinin diigitk
In / yiiksek N oranina sahip oldugunda en yiiksek degere ulagtigini géstermistir.
Ayrica P, Al ve N lazer sistemleri igin eksiton baglanma enerjilerinin, kuyu
genigligine bagh olarak degisimi hesaplandi. P lazer sisteminin eksiton baglanma
enejisi en yiksek, Al lazer sisteminin en diiglik ve N- lazer sisteminin ise bu iki
sisteme ait degerlerin arasinda oldugu gozlendi.

Anahtar kelimeler: GalnNAs/GaAs, azot, band anticrossing modeli, basing,
bant arahg daralmasi, bant genigligi, eksiton baglanma, enerjisi, katkilama
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Chapter 1

Introduction

The growth of the internet and data transmission are pushing the band-
width requirements for fibre networks. For optical fiber telecommunication lasers
emitting in the wavelength range from 1.25 to 1.65 um are the subject of intense
investigations. Devices with emission wavelengths between 1.3 and 1.6 um are of
primary importance in optical local (LAN) and metro (MAN) area networks, and
long haul communications due to the dispersion zero at 1.3 ym and minimum
loss at 1.55 um in optical silica fiber. -

Up to now lasers at these wavelengths are almost exclusively fabricated
from GalnAsP or AlGalnAs heterostructures on InP. While InGaAsP /InP-based
lasers have been the sources for long-haul, 1.55 um optical-fibre backbone net-
works for the past three decades, their cost is simply far too high to meet the
demands of tens of million lasers that might be utilized in each MAN and LAN
in a modern datacom network architecture. For many years it was believed that
there was no suitable alloy lattice matched to GaAs, so InGaAsP on InP was the
only material system that met the perceived criteria. All the long-wavelength
communication lasers (100 %) presently in use are fabricated from this system.
There has been intense effort to realize low cost, long wavelength systems over
the past decade, however, the physical properties of the previously utilized semi-
conductor systems made this nearly impossible. An alternative solution to InP

epitaxy would be to use materials grown on GaAs. However, alloys which are
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nearly lattice-matched to GaAs, historically have optical emission at wavelengths
less than 1.1 um. The well-known materials limitations of the InGaAsP system
pushed Kondow et al [1] to examine GalnNAs as an alternative active-region
material that could be grown on GaAs. Lasers made from new material sys-
tems, such as dilute nitrides and antimonides, or quantum dot active regions,
are promising approaches to achieving temperature-insensitive 1.3 um lasers on
GaAs substrates.

A second major challenge for semiconductor lasers is a higher temperature
insensitivity of the laser threshold and output, which could allow for uncooled op-
eration of the devices. The fundamental heterojunction bandgap offsets between
InP and InGaAsP, limiting electron confinement in the quantum wells achieving
adequate power output with these lasers has always been a challenge. This re-
sults in a much lower Ty compared to the InGaAs/GaAs materials. Kondow et
al [1] were also the first to point out that the higher conduction band offset in
GalnNAs compared to InGaAsP would lead to higher Tg for this material. In
addition, significant non-radiative Auger recombination occurs in InGaAsP at
high injection densities, creating greater problems for high-power lasers. Both of
these combine to increase threshold and heating at higher power levels. While
InP-based materials have dominated this technology in the past, their ability to
produce adequate power and manufacturing shortcomings compared to GaAs-
based systems provide an opening for GaInNAs/GaAs-based, long-wavelength,
high-power lasers. In order to greatly expand broadband amplifier used in MANS,
the key elements that must be achieved are sufficient power and low cost.

Kondow et al [1] proposed and grew the material system, a number of
research groups have since demonstrated diode laser operation using GalnNAs
quantum well lasers. This material has attracted attention by virtue of its un-
usual physical properties than that of the conventional II] — V compounds.
GalnNAs is a candidate for long wavelength emission with contrary to the general

rules of 11 — V alloy semiconductors where a smaller lattice constant increases
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the bandgap, the large electronegativity of N and its small covalent radius cause
a very strong negative bowing parameter and the addition of N to GaAs or In-
GaAs dramatically decreases the bandgap [1]. By combining N and In, GaInNAs
produces a very rapid decrease in bandgap to reach the long-wavelength emission
region with simultaneous control over bandgap and lattice match to GaAs. Such

an active quantum-well material allows the fabrication of 1.3 um lasers.

1.1 Thesis Outline

The research work reported in this thesis is concerned with the design and
characterisation of 1.3 um GaAs-based structures.

Chapter 2 presents a brief qualitative introduction to nitride based laser
systems, covering the basic concepts required in the remainder of the thesis.
The electronic properties of the alloy GaInNAs is markedly different from most
other III-V alloys. The decrease in energy per atomic percent of nitrogen is more
than ten times greater than the typical increase in other semiconductor alloys
[2]. In addition, electron effective mass increases as the energy gap decreases [3],
contrary to other alloy systems. This result appears to invalidate any simple in-
terpolation scheme and favor the authors to use band-anti-crossing model of the
interaction between localised N states and the extended states of the semicon-
ductor matrix which is briefly reviewed in this chapter. As an overview, model
calculations are presented in this chapter as well.

Hydrostatic pressure is an extremely useful tool to vary continuously the
band structure of the semiconductor and hence to investigate the important
loss mechanism of Auger recombination in the semiconductor lasers. The band
structure parameters of bandgap and effective mass are strongly dependent on
pressure. In Chapter 3, the changes in band structure and optical confinement
factor with pressure for different nitrogen concentrations are determined and
their effect on transparency- and threshold-carrier density analysed.

Chapter 4 introduces a theoretical comparison of pressure dependence of
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threshold current of 1.3 um lasers. The results regarding the nitride-, phosphide-
, and aluminium-based 1.3 um lasers are explained.By means of determining the
pressure dependence of the required material parameters for these three systems
a comparison of the threshold carrier, radiative and non-radiative current den-
sity is provided. Model calculations have been presented to choose the ideal
laser material system with low threshold characteristics from the three typical
competing laser devices emitting in the neighborhood of 1.3 um.

In Chapter 5, we study the theoretical potential advantage of doped 1.3 um
emission Ga,_,Iny;N,As,_,/GaAs quantum wells. We investigate how the dop-
ing concentration modifies the fermi functions, band structure, gain characteris-
tics and spontaneous emission factor by modelling five different Ga,_.In,N,As;_,
/ GaAs quantum well laser structures in terms of simplified models for differ-
ent z/y ratios. A systematic study of the band-offset ratio for different In/N
ratios has been undertaken. Model solid theory has been used to calculate
the band offset ratios including the effect of strain and modifications in con-
duction band. We determine the optimal laser configuration of compressively
strained Ga;—In;N,As,_, quantum well lasers emitting at 1.3 um. An equiv-
alent nitrogen-free system is also provided for comparison. This study provides
useful information for the optimization of doped Ga,-,In,NyAs,_,/GaAs on the
basis of 1.3 um emission wavelength.

The focus of Chapter 6 is to first provide the theoretical background of
bandgap renormalization and then present the comparison of material gain cal-
culations with and without bandgap renormalization. Bandgap renormalization
is a many body effect and it is due to the free carriers. The attractive Coulomb
electron-hole attraction enhances the optical gain, therefore for a careful analysis
of gain characteristics it should be taken into accounﬁ.

The binding energy of the ground state exciton in III-V and III-N-V single
quantum well is investigated in Chapter 7. The exciton binding energy is cal-

culated by using simple two-band model, including strain and the difference in
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dielectric constants between well and barrier materials. In first part of Chapter
7, the fully analytical method to calculate the exciton binding energy is briefly
introduced. In the second part of the chapter, we firstly investigate the nitrogen
dependence of exciton binding energy in Ga,_.In,N,As;_,/GaAs laser material
system. Secondly, we determine the optimal route of In/N by means of com-
paring the binding energies for 1.3 um Ga;_zIn,NyAs,_,/GaAs laser systems.
Finally, a comparative study of exciton binding energies as a function of well
width is undertaken for the three competing laser material systems of P-, AL-
and N-based lasers.

Chapter 8 gather together the major conclusions from the work described

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



Chapter 2

The Theoretical Models

2.1 Introduction

This chapter provides the models and the corresponding calculations rel-
evant to the study of GalnNAs/GaAs quantum well laser systems used in this
thesis. There have been numerous attempts to explain the properties of the
II] — N —V materials. The I/ — N —V alloy GalnNAs shows quite remark-
able band structure properties that raise exciting possibilities for optoelectronic
applications. Although GaN has a much larger bandgap than GaAs, when a low
concentration of N is incorporated into InGaAs there is a very strong decrease in
the optical bandgap. This is very interesting both theoretically and practically:
theoretically, because the behavior cannot be explained by standard models of
I1I-V alloys and so new approaches are clearly needed; practically, because the
lower bandgap makes accessible in the GaAs system the 1.3 um and 1.55 um
wavelengths of interest for optical fibre communications. If we can achieve a
good theoretical understanding of the band structure and optical properties of
GalnNAs, the possibility exists that we may be able to propose novel and su-
perior optoelectronic device structures, (eg with m? = m}). A special effort
has been focused on understanding the large bandgap reductions [4, 5]. The
effects of the nitrogen incorporation into InGaAs is described in section 2.2. The

quaternary material parameters for analog of the nitrogen-containing systems
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discussed in section 2.3. The band structure of GaInNAs system is explained by
using band anti-crossing model (BAC) {6], which is discussed in section 2.4. The

band alignment in GaInNAs quantum structure is outlined in section 2.5.

2.2 Effects of nitrogen in GaInINAs

GalnNAs exhibits interesting new properties and differs considerably from
the conventional III-V alloys, such as AlGaAs, GalnAs and GalnAsP, which
are commonly employed in III-V device structures. GalnNAs is composed of
hexagonal GalnN and cubic InGaAs. Significant changes occur in the band
structure compared to GaAs with incorporation of only a small percentage of
nitrogen. These include a large red shift of the bandgap (7, 8], an increase in
the electron effective mass [6, 9, 10|, a highly nonlinear pressure dependence
of the bandgap [11, 12], a N-induced formation of new bands [8, 12, 13, 14],
and a strong linewidth broadening of all transitions [8, 13, 14, 15]. The key to
understand these unusual properties of the GaInNAs alloys is the large difference
in size and electronegativity of arsenic and nitrogen atoms. The covalent radius
and electronegativity of nitrogen are 0.068 A and 3.04, respectively, compared to
those of 0.121 A and 2.18 for arsenic. A large difference in the atomic size causes
deformation of the crystal lattice and the larger electronegativity of nitrogen
favors electron localization around the nitrogen atom. In 1984 nitrogen was
found to act as an isoelectronic impurity in GaAs, and the localized energy
state formed by a single nitrogen atom was observed at 150-180 meV above the
bottom of the conduction band [16]. In 1990 Liu et al. [17] reported excitonic
luminescence originating from nitrogen pair and cluster states located below
the conduction band minimum of GaAs. The N concentration in their study
was about 107e¢m~3, i.e., 0.001%. More recently it has been found that the
nitrogen incorporation leads to the strong red shift of the bandgap when the
N concentration is increased to above 0.01% [18]. However, the luminescence

spectrum of GaAsN is still dominated by sharp excitonic transitions.
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GalnNAs exhibits a remarkable band-gap bowing, ena,bli.ng optical emis-
sion at 1.3 and 1.5 um on a GaAs substrate. In calculation of fundamental
bandgap, the huge bandgap bowing parameters have been discovered. In alloy-
ing GaAs with nitrogen leads to a giant bandgap bowing with increasing molar
fraction. Bandgap reductions of as large as 180 meV have been obtained in
GaAs,_. N, with only 1% of nitrogen [7] - [19]. Similar effects have been ob-
served in InAsN [20], GaPN [21, 22|, InPN [23], GaAsSbN [24], and InSbN [25]
alloys.

Fig. 2.1 shows the lattice constants and bandgaps of some III-V semi-
conductors. The lattice constant of GaAsN behaves linearly and decreases with
concentration, since the lattice constant of cubic GaN is 4.5 A. If linear approx-
imation would apply, an increase of the bandgap energy from 1.42 eV of GaAs
toward 3.2 eV of cubic GaN could be expected. Instead, the bandgap shows huge
bowing with increasing N concentration. The N-induced decrease of the lattice
constant can compensated and the bandgap further reduced by adding indium
to GaAsN. Therefore, it is possible to grow Ga;_,In.N,As;_, quaternary alloy

that has a bandgap suitable for long-wavelength optical communications.

2

Bandgap Energy (eV)

57 38 59
Lattice Parameter (A)

Figure 2.1: Bandgaps and lattice constants of some binary I1I-V semiconductors
(squares). The fiber-optical communication wavelengths of 1.3 and 1.55 pum are
also shown. GalnNAs can reach these wavelengths lattice matched to GaAs.



2.3 Theoretical models

In this section we present the models and the related material parameter

calculations that we have used throughout this thesis.

2.3.1 Material parameters

The material parameters such as lattice constants, Luttinger parameters
and strain-related parameters of the conventional ternary and quaternary sys-
tems can be calculated by linear interpolation method [29]. The material pa-
rameters depend on the well and barrier compositions, their widths and growth
orientation. The parameters for the quaternary alloy Ga,_,In,NyAs;_, are in-
terpolated from the binary compound values, such as Bgoy, Bgeas, Bian, and

Binas using the following expression of
Qcainnas(z,y) = Ty Bimn + = (1 —y) Binas
+ (1 - (L‘) ) BGaN + (1 - ZII) (1 - y) BGa,As (21)
where x is the fractional composition of indium, In, and y is the fractional com-

position of nitrogen, N, in GalnNAs. The nitrogen-related binary material values

used in this thesis are given in Table 2.1.

Material GaAs InAs GaN InN
Lattice Constant a, (A) 5.6533 6.0584 4.50 4.98
Energy gap E, (eV) 142 0417 3.299 1.94
Spin-orbit Splitting A, (eV) 0.34. 039 0.017 0.006
Elastic Stiffness Cy; (GPa) 1221 9329 293 187
Elastic Stiffness Cy2 (GPa) 566 456 159 125
Deformation Potential b (eV) -2.0 -1.8 22 -1.2
Deformation Potential d (eV) -4.8 -36 -34 -93
Electron Effective Mass m. (m,) 0.067 0.026 0.15 0.12
Effective mass mpp, (m,) 0.35 0.333 0.855 0.833
Luttinger Parameters v, 6.98 200 267 3.72
Luttinger Parameters -y, 2.06 8.5 0.75 1.26

Table 2.1: Binary material parameters [29, 30].
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The addition of indium in to GaNAs to produce GalnNAs causes a reduction in
the bandgap and an increase in lattice parameters. But the increase in nitrogen
fraction causes a reduction in the bandgap and decreases the lattice parameter.
The change in bandgap and lattice parameter gives the flexibility of tailoring
both bandgap and lattice parameter. Hence, GalnNAs gives the potential to
grow lattice matched or strained materials on GaAs substrate. Moreover, the
effect of strain on the band structure varies with growth orientation. The lattice
constant for any given composition of binary, ternary, or quaternary well material
compared with that of the substrate material determines whether the structure
under investigation is an unstrained or strained laser device. The change in lattice
parameter and strain for GaInNAs system are calculated by using interpolation

method and shown in Fig. 2.2 and 2.3, respectively.
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Figure 2.2: The variation of lattice constant with nitrogen concentration in Galn-
NAs.
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Figure 2.3: The calculated variation of strain versus nitrogen concentration in
GalnNAs.

2.4 The band anti-crossing model

The bandgap energy has been successfully described for bulk semiconductor
in terms of anti-crossing between the conduction band minimum of InGaAs and
resonant band of localized nitrogen defect states above the band edge (31, 32].
The two-level band anti-crossing model (BAC) describes the electronic structure
of Gay_zIn;NyAs;_y. In literature, some groups has been used this model and
the results were found to be in good agreement [6, 12, 26, 27].

According to band anticrossing model, the incorporation of N into InGaAs
(or GaAs) alloys leads to a strong interaction between the conduction band and
a narrow resonant band formed by the N states. The overall effect is the splitting
of the conduction band, with a consequent reduction of the fundamental bandgap
due to the lowering of the conduction band edge. The mathematical formalism
of the model is derived as follows [12]. The interaction between the extended
conduction states of the matrix semiconductor (InGaAs) and the localized N

states is treated as a perturbation which leads to the following eigenvalue problem
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of

E-FE -V
M MN | 0 (2.2)

—Vun E-—Ey
where E); is the conduction states of the matrix semiconductor, Ey is the lo-
calized nitrogen state energy (relative to the top of the valence band) and Vyn
is the matrix element describing the interaction between these two states. In-
corporation of the interaction represented by the matrix element Vjsy leads to a
mixing and anti-crossing of these states. The solution to this eigenvalue problem

gives us the dispersion relation for Ga,_;In,NyAs;_,

[(Em(k) + Ex) + \/(En(k) — En)? + 4C3;y]
2

Ey(k) = (2.3)

The BAC model provides simple analytic expressions for the conduction band

dispersion as a function of N concentration y and allows to calculate, for example,
the strength of the optical transitions [33] in bulk materials and the transition
energies between electronic states in quantum wells or the gain in laser structures
(34].

A schematic diagram of the band structure for Gay—,In, Ny As;_, according
to Eqn. (2.3), and the Fy (k) and Ey levels, is shown in Fig. 2.4. All energies are
measured relative to top of the valence band in this figure. The F, transition
is blue shifted and the E_ transition is red shifted from the N resonant level
with increasing N concentration. According to this model, the E_ subband has
mainly delocalized conduction band-like character, whereas the E, subband is
due to the localized Ey-like states. An increase in the V)j,n value with increasing
N concentration leads to a stronger repulsion between the E_ and E. states.

One of the most striking features of the results is a distinct flattening of the
E, curves for energies approaching Ey. This indicates a large increase in of the
effective mass in both subbands compared to GaAs. A strong non-parabolicity of
the conduction band can also be predicted from Fig. 2.5. The electron effective
mass is another important material parameters and depend very strongly on the

electron energy relative to localized Ey level.
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Figure 2.4: The calculated conduction band structure of Gag 7m0.3No.022AS0.978
near the I-point (k = 0) according to the BAC model. A parabolic approxima-
tion for the conduction band of InGaAs was used. The splitting of the conduction
band into E_ and E, bands is clearly shown. The energy scale is relative to the
top of the valence band.

2.4.1 Verification of the Band Anti-crossing Model

In the literature it seems, so far, that the BAC model is well established
as far as the macroscopic behavior is concerned. Shan et al [12, 27] measured
optical transitions under pressure, where optical transitions are observed, which
are associated with the two branches of the split lowest conduction band in
GalnNAs for various compositions.

Skierbiszewski et al [35] examined the carrier dynamics in a GaNAs alloy
where they measured the mobility of carriers in the alloy and compared it to
the theoretical mobility, calculated, from the BAC model; the qualitative and
quantitative agreement of theory and experiment was good. These authors also
examined the increase of the conduction band effective mass theoretically (in the
context of the BAC model) and experimentally; again the agreement was very

good [6].
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Uesugi et al [36] have indirectly confirmed the central idea of the model (i.e.
the interaction of the extended and localized levels) through the temperature de-
pendence of bandgap energies of GaNAs films for various N concentrations. The
result showed that, in determining the temperature dependence of the bandgap
energy, two kinds of N-related energy states with different temperature depen-
dence of bandgap energy must be considered: one with a higher temperature
dependence similar to the GaAs bands (extended like state) and an N-related
localized state with lower temperature dependence.

Finally, Lindsay and O’Reilly [37] have adopted a theoretical approach. By
using a tight-binding sp®s* Hamiltonian, they have calculated the compositional
dependence of the conduction band edge and then compared it with the E_
energy calculated according to the BAC model. These results were found to be

in good agreement, as well.

2.4.2 Parameters within the band anticrosssing model

In order for the dispersion relation predicted by the model to reproduce the
band structure of the real semiconductor as accurately as possible, the interaction
matrix element Vj,n and the nitrogen level Ej; must be determined along with
their dependence on composition. In addition, an accurate form for the electron
effective mass is required for the calculation of various laser parameters. The
E is the energy of the InGaAs matrix conduction band and is given as [5],

Ey — 1.55y + "22—1'::, eV inside the well; )
Ey(k) = (2.4)
Eo, outside the well.

where y denotes the nitrogen concentration and %’:} is quadratic conduction band

dispersion term, Fj is the conduction band edge of the well/barrier material in

the absence of nitrogen. The energy of the nitrogen level is taken as

1.52 — vy, €V inside the well;

I}

En (2.5)

1.52 4+ Ep n, outside the well.
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where v = 2.52 for GaNAs and v = 3.9 for GaInNAs. The height of the nitrogen

barrier, Ep v and Ey are assumed independent of k and all the energies are taken
relative to the top of the valance band. The strength of the I' — Ey interaction
is described by the interband matrix element Vjyny. The square of the matrix

element V% is proportional to concentration of nitrogen atom as

Cun+/Y, inside the well;
Vun = vy (2.6)
0, elsewhere.

The Vi is a key parameter describing the interaction between the localized

and extended states. The values of Vi is not constant and may be composition
dependent [12, 35]. In this thesis we have used the value of Viyy as 2.7,/y eV
[32].

Using these parameters we calculate these subband energies of E_ and E,
versus nitrogen concentration as shown in Fig. 2.5. With increasing nitrogen
concentration E_ energy shifts towards lower energies. On the contrary, the E,
energy shifts towards higher energies with incfeasing nitrogen. The E, level has

been found to increase linearly with a slope nearly equal to the decrease in E_.

2.4.3 Electron Effective Mass

A knowledge of the carrier mass is necessary for analysis of important semi-
conductor properties. As is well known, the carrier mobility is strongly dependent
upon the effective mass. In addition, the knowledge of the effect of the effective
mass on gain parameters is of special importance for a full exploration and opti-
mization of II] — N — V material system in device applications. Therefore, the
change in electron effective mass due to the nitrogen modified conduction band
is investigated in this section.

Unlike other conventional alloy semiconductors, the electron effective mass
increases when the energy bandgap is reduced by adding nitrogen. This has

a profound influence on the strength of electron-photon and electron-electron
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Figure 2.5: Calculated subband energies E_ and E, as a function nitrogen con-
centration for Gag 7/ng3NyAs1—y, according to BAC model.

interactions, and consequently on every aspect of the performance (threshold
current, etc.) of semiconductor lasers. As can be seen from Fig. 2.4, the energy
E_ is flattening near its minimum leading to a large enhancement of the electron
effective mass. The change in electron effective mass due to the nitrogen modified

conduction band can be found by Skierbiszewski et al [35] as

Vun 2
b ((EN—E_)>

where m, is the electron effective mass in the parabolic conduction of the semi-

(2.7)

m*=mM

conductor matrix.

The electron effective mass of electron increases with nitrogen composition,
as shown in Fig. 2.6. This behavior is rather unusual and in fact is opposite
to the conventional semiconductors, where the value of effective mass decreases

with decrease of bandgap energy.
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Figure 2.6: The calculated values of electron effective mass with increasing ni-
trogen concentration.

2.5 Band Offset Ratios

The band offset is an important parameter for the design of heterostructure
based electronic and optoelectronic devices. The relative band alignment of band
edges between the quantum well and the barrier is the total band discontinuity,
distributed over the conduction and valence bands, as AE, and AE, respec-
tively. The band discontinuity depends on the semiconductors and the amount
of mismatch strain at the interface. It has been commonly accepted that ni-
trogen incorporation mainly affects the conduction band states of the GalnNAs
alloys leading to an increase in the conduction band offset, ()., and only a small
discontinuity in the valence band edge [3].

In this section, two models regarding the band alignment, "Model Solid
Theory” and ”Harrison’s Model”, which are used to calculate band offsets of

I1I-V and III-N-V semiconductor laser material systems are reviewed.
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2.5.1 Model solid theory

The band offset ratio, Q.., is determined by discontinuity fractions of

AE; y

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 bulk bandgap energy of GalnNAs is calculated by
means of band anti-crossing model which defined previous section. The necessary
material parameters of the well and barrier materials are calculated by using
interpolation method.

The effects of strain in the plane of the epitaxial growth is calculated as

as — Qe

€= (2.8)

Qe
where a, is the lattice constant of quaternary epitaxial layer and a, is the lattice
constant of substrate. 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
Ey(n.y) = Ey oz, y) + -AA;—’Z’-Z.‘—}- 0Ewn(z,y), for hh (compressive strain);
Ey oz, y) + M;il + 0E(z,y), for lh (tensile strain).
(2.9)
where E, ,,(z,y) is the average valence subband energy and Ay is the spin-orbit
split-off band energy. These values are obtained by linear interpolation method

(binary values are listed in Table 2.1 and Table 2.2). The conduction band is

shifted by the energy dE.(z,y) and given as

dEc(z,y) = 2ac(1 - ﬁz—)s (2.10)
Cn

the valence bands are shifted by energy,  Exn(z,y) and §Ey,(z,y) are expressed
as

6Em(z,y) = —Pc—Q. (2.11)

0Ep(z,y) = —P+Q. (2.12)



Materials Symbol(Unit) GaAs InAs
Model Solid Theory

Average valence band position E, g, -6.92 -6.67
Harrison’s Model

Conduction band position Ef(eV) 1.53 0.801
Valence band position EH 0.111 0.441

19

Table 2.2: Parameters for the calculation of the band alignments using Model

Solid Theory [38] and Harrison’s model [39].

where
Ci2
P = a1~ 22)c
Cni
Ci2
.= o1+2Z).
< T

(2.13)

(2.14)

where a. and a, are the conduction- and valence-band hydrostatic deformation

potentials, and b is the valence band shear deformation potential. The strained

bandgaps can then be expressed as

Ec—hh(ma y) = Eg(xa y) + (SEC(IE, y) + éEhh(zy y)

Eein(z,y) = Ey(z,y) + 0Ec(z,y) + 6Ein(z,y)

The conduction band position is

Ey(z,y) + Ec—pn, for hh (compressive strain);
Ec(z,y) =
E,(z,y) + Ec—i, for lh (tensile strain).

The conduction band offset is given by

AE, By - B
AE, Eb) — E¥

g

(2.15)

(2.16)

(2.17)

(2.18)

where E¥ and E? are the valence band positions in the well and barrier materials,

respectively, and EY’ and Eg are the strain adjusted bandgaps for the well and

barrier materials.
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2.5.2 Harrison’s model

The position of both valence and conduction bands are determined by

Ef(z,y) + 6Em(z,y), for hh (compressive strain);
Bulay) = { o (79 + Blnl, forlh (comp " e
Ef(z,y) + 0Eu(z,y), forlh (tensile strain).

and

E.z,y) = Ef + §E.(z,y) (2.20)
where E¥ (z,y) and Ef(z,y) are obtained by a linear interpolation of the binary

parameters found in Table 2.2, and §Epy(z,y), dEk(z,y) and dE.(z,y) are the
strain energy shift given in Eqn (2.20) - (2.15). The superscript "H” refers to
Harrison’s model. The conduction band-edge discontinuity then be calculated as

AE, EHb _ pHuw
AE, ~ (EF® — EPP(EEP _ g

(2.21)

where the superscript w and b indicate the well and barrier materials, respec-

tively.

2.5.3  Calculation of the band offsets for GaInNAs/GaAs

Systems

Strong progress in the development of GaInNAs/GaAs devices, hardly and
detailed spectroscopic studies of the band alignment of GaInNAS/GaAs quantum
well structures can be found in the literature to date. Therefore the experimen-
tally derived data [40] was used in literature for gain calculations. Recently, Lin
et al [41] and Géniil et al [3] used the model solid theory for GalnNAs/GaAs
as in the case of strained InGaAs materials. The authors [3, 41] have shown
that model solid theory can be used to calculate the band alignments of Galn-
NAs/GaAs ignoring the presence of nitrogen in the average valence band edge
energy values and taking into account the presence of nitrogen for the rest of
the laser parameters. The band-alignment of matrix element InGaAs/GaAs sys-

tem is determined by using Harrison’s model. In Fig. 2.7, the conduction and
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valence band offsets for N-free systems are shown. As can be seen from these

variations both valence- and conduction-band offsets increase with increasing

indium concentration.

(eV)

c.v

Band offsets, AE

10 20 30 40 50 60 70 80 90 100
In Content (%)

Figure 2.7: The calculated variation of the conduction and valence band offsets
for InGaAs/GaAs laser system according to Harrison’s model.

We use model solid theory has been used to calculate the band offsets of
the GaInNAs/GaAs for small nitrogen concentration. A significant increase in
conduction band offset ratio and a decrease in valence band offset ratio have
been calculated with the introduction of nitrogen to InGaAs, as shown in Fig.
2.8

These results illustrate the fact that the addition of nitrogen into InGaAs
leads the N-system having a band alignment of that of the ideal case (deep con-
duction wells and shallow valence wells) certainly. In addition, our calculations
indicate that the band alignment of the N system can be calculated effectively
by means of model solid theory since the calculated results are in agreement with

that of the experimental results [40].



22

Band Offsets (eV)

0,0 0,5 1,0 1,5 2,0 25 3,0 35 4,0
N Concentration (%)

Figure 2.8: The calculated variation of the conduction and valence band offsets
with nitrogen concentration GalnNAs/GaAs laser system according to model
solid theory.

2.6 Conclusions

In this chapter, we review the theoretical models and provide the model
calculations used through out this thesis. . First of all, the effects of the adding
nitrogen on InGaAs is described. The material parameters which depends on
well and barrier compositions is calculated by interpolation method. The band
structure and increased electron effective mass due to the interaction of the
conduction band with nitrogen-related resonant states is determined by using
the band anti-crossing method. These calculations implies that GalnNAs lasers
can approach the ideal condition of equal electron and hole effective masses. This
is important in full gain calculation modelling of laser devices.

In addition, the theoretical models and calculations for the band offset
ratios for III —V and II] — N — V material systems are presented briefly. We
have shown that model solid theory can be used effectively to calculate the band
alignments of N-based lasers where only experimental data available to date. The

use of GalnNAs as an active material provides an efficient way to build very deep
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quantum wells in the conduction band, leading to better carrier confinement and

hence reduced carrier leakage at high temperatures.
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Chapter 3

Pressure dependence of GalnNAs

quantum well lasers

3.1 Introduction

The main motivation for the rapidly expanding fundamental and applied
research in mixed anion nitride alloys is a wide range of possible optoelectronic
applications for efficient light emitting devices operating within the near infra-
red region. Therefore, the improving of the optical quality of the alloy depends
on the identification of the dominant radiative and non-radiative mechanism of
light emission.

Hydrostatic pressure provides a convenient method to vary continuously
the band structure of semiconductor lasers and hence to study systematically
the internal electronic and optoelectronic process occurring. These include for
example, such loss mechanisms as intervalence band absorption and Auger re-
combination which are responsible for increasing the temperature dependence of
bulk 1.3 — 1.5 um wavelength devices used in optical fiber communication [42].

Shan et al have shown that the incorporation of N into InGaAs alloys leads
to a strong interaction between the conduction band and a narrow resonant band
formed by the N states due to the highly localized nature of the perturbation

introduced by N atoms, resulting in a splitting of the conduction band and a
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reduction of the fundamental bandgap. This is supported by the unambiguous
observations of the optical transitions associated with the two branches of the
split lowest conduction band in Ga;_ In;NyAs;_, alloy samples with different
In and N concentrations and a characteristic anti-crossing behavior of the two
branches under hydrostatic pressure. The observed reduction of the bandgap
energy of Gay_In,N,As,_, alloys with small N concentration can be fully ex-
plained by this interaction.

Fig. 3.1 shows the pressure dependence of the fundamental bandgaps of
Gay_.In,NyAs,_, samples [12]. The bandgap energies were determined by pho-
tomodulated transmission (PT) measurement. In the case of GaggolngosAs
(y = 0), the bandgap increases linearly with applied hydrostatic pressure at a
rate of ~ 100 meV/GPa. This type behavior is commonly observed for conven-
tional group III-V semiconductors. Adding N completely changes the pressure
dependence. All the Ga;_In,NyAs;_, samples exhibit a much weaker depen-
dence of the bandgap energy at low pressure and a tendency of the energy gap to
saturate at high pressures. The saturation is clearly visible in the samples with
lower N concentrations. The pronounced change in the pressure dependence of
the energy gap could be understood in terms of a pressure-induced transforma-
tion of the nature of the lowest conduction band states, namely, from extent to

highly localized.

Knowledge of the band structure parameters is necessary for the analy-
sis of important semiconductor properties. The band structure parameters are
dependent on external perturbations such as temperature and pressure. In par-
ticular, the bandgap energy and effective masses are well known to be strongly
dependent on pressure.

The aim of this chapter is to investigate the pressure dependence of the
band structure parameters such as optical confinement factor I, effective mass,
differential gain, carrier densities, threshold gain and the relative importance of

these effects for strained GalnNAs/GaAs laser structure in detail.
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Figure 3.1: Change of the fundamental gaps of different Ga,_,In,N,As;_, sam-

ples as a function of hydrostatic pressure {12].

3.2 Pressure dependence of laser parameters

This section analysis the changes in band structure, effective mass optical
confinement factor I', and gain related parameters with hydrostatic pressure from

laser point of view.

3.2.1 Band structure

In this section, we examine the pressure dependence of the band structure
of GaInNAs. The pressure coefficient of the emission energy from GalnNAs well

layer can be expressed as

Bumis  dE, dE. = dE
P~ ap T ap T ap (3.1)

where ‘—ig} are the pressure coefficient of the GaInNAs bandgap, % and d—f,—,h; the

pressure dependence of the confinement energy for electrons and holes, respec-
tively. In the GaInNAs/GaAs system, the incorporation of nitrogen has only
minor effects on the valence band. Therefore, 24 can be neglected. The main

factor affecting %% are the pressure induced change of the barrier height and

electron effective mass. The barrier height will increase with pressure since the
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pressure coefficient of GaAs is larger than that of GaInNAs. Then the confined
energy E. will be increased. On the other hand, the increase of electron ef-
fective mass with pressure [43] will decrease the confinement energy E,. Since
the two factors have different signs and both effects are small compared to the
first term in Eqn. (3.1), experimentally measured pressure coefficient for the
GalnNAs-related peak should mainly reflect the pressure behavior of the Galn-
NAs bandgap.

The pressure dependence of GalnNAs can be explained considering the
simple model of two interacting energy levels which is explained in previous
chapter. The incorporation of the interaction represented by the matrix element
Vun leads to a mixing and anti-crossing of the extended states of the InGaAs

matrix and localized N states. The two solutions of the problem was given as

g, _ (Bnt B+ V(Bm — En)? +4Viy

The pressure dependence of the conduction band edge Ey, is given by [12]
Ey(P) = Eo(k) + 0.1 P eV, (3.3)

where F), is measured with respect to the valence band edge, P is hydrostatic

pressure in units of GPa. The hydrostatic pressure dependence of the energies
E_ and E, is shown in Fig. 3.2 along with the predicted pressure dependence of
the GalnNAs conduction band edge calculated with Eqn. (3.2) and the known
pressure dependence of the Ejs. The energy of the nitrogen level Ey is insensitive
to applied pressure [19]. The downward shift of the lower branch E_ can account
well for reduction of fundamental bandgap observed in GalnNAs alloys. This
demonstrates that the interaction between extended band states and localized
nitrogen states is responsible for the downward shift of the conduction band
edge. The pressure dependence of the E transitions undergo a change opposite
to E_, i.e. the E, energy position weakly depends on the applied pressure at

low pressures and demonstrates much stronger linear increase at high pressures.
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The unusual pressure dependence of the E_ and E, states is attributed to the
pressure induced band anti-crossing, changing the character of the states from

extended to localized.
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Figure 3.2: Change of fundamental gap as a function of hydrostatic pressure in
units of GPa.

3.2.2 Effective electron mass

The knowledge of the carrier effective masses with pressure provides valu-
able information on the fundamental nature of the band states in the alloy and
is also vitally important for a full exploration and optimization of III-N-V alloys
in device applications.

In dispersion relation (see Fig. 2.4), the lower subband, E_, causes the
bandgap energy reduction and the flattening of the lower subband near its min-
imum leading to a large enhancement of the electron effective mass [5]. When
hydrostatic pressure is applied the energy gap increases with increasing pressure.
The changes in the band structure and changes in the ordering of the conduc-

tion band minima results an increase in effective mass m*. Fig. 3.3 represents
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the increase in the electron effective mass of GaInNAs/GaAs quantum well with
increasing pressure. As can be seen from Fig. 3.3, a clear qualitative trend of
the strong pressure induced enhancement in the electron effective mass induced
by the presence of nitrogen in the alloy has been calculated. The effective mass

increases linearly with increasing pressure.
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Figure 3.3: Electron effective mass versus pressure for 30% In concentration and
2% N concentration.

3.2.3 Optical confinement factor

In semiconductor lasers, the ratio of the optical power in the active layer
to the total optical power is an important parameter, because it influences the
lasing threshold. This ratio is called the optical confinement factor I' and is

defined as
1‘\ — fact (b?(z)dz
- 2, 92%(2)dz

where @ is the electric field amplitude.

(3.4)

The pressure induced increase in the direct bandgap can have significant

effects on the performance of lasers operated under high pressure, such as a
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reduction in Auger recombination and IVBA in long wavelength lasers. The
reduction in these mechanisms occur not only because of their inherent bandgap
dependences but also as a result of the changes in optical confinement factor
[ and their effect in on the threshold gain. In this section, we investigate the
pressure dependence of I (i.e. the fraction of the optical mode power in the active
region) for the separate confinement heterostructure (SCH) quantum well lasers.
A five layer dielectric slab waveguide model [81] was employed to calculate I'.
The calculations have been done taking into account the index of refraction of
each of the confining and barrier layers of the laser systems. The large refractive
index differences between confining and barrier layers serve to confine the light
and thereby provide the optical waveguide. It should be noted that the change
in I' with pressure modelled here is only due to the changes in bandgap with
pressure since minor variations has been obtained in I' due to the changes in
refractive indices with pressure [44, 82]. Therefore it is assumed that the band
edge refractive index does not change with pressure. I" depends entirely on layer
widths, refractive indices and propagation constant 27/, and hence on optical
gap through E = %
Hydrostatic pressure increases the bandgap E,. Using the three layer

waveguide model, I' is predicted to vary with band gap E, as
'~ CrEZ, (3.5)

where Cr is a material constant, essentially independent of pressure. The small-

est optical confinement factors are then found in long wavelength lasers, which
therefore require the highest threshold gain. Since hydrostatic pressure increases
the band gap E,, we predict the largest fractional increase in optical confinement
factor, " [44, 45] as,

dl’ r

= = 9 .
dE, E, (3.6)

The fractional change of optical confinement factor I" with bandgap E, is in-

versely proportional to the bandgap, leading to a larger pressure dependence
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of optical confinement factor I' in long wavelength lasers than in visible lasers.
Using the values of optical confinement factor for five-layer dielectric slab waveg-
uides for 2% and 3% nitrogen in GalnNAs are shown in Fig. 3.4. The increase
in pressure results a linear increase in optical confinement factor. However, con-
finement factor decreases with increasing nitrogen concentration in quaternary
material GalnNAs. The increase in nitrogen concentration results a decrease in

optical confinement factor at constant pressure of 0.5 GPa, as calculated in 3.5
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Figure 3.4: Optical confinement factor versus pressure.

3.2.4 Differential Gain

In order to highlight the effect of the conduction band effective mass on
the pressure dependence of the differential gain, an idealised band model is used.
This model is based on the assumption that the lasing characteristics are domi-
nated by a single conduction band of mass m, and a single valence band of mass
m,. The large energy separation between the valence subbands means that only

the first subband is sufficiently populated to play a role. The very large effective
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Figure 3.5: Optical confinement factor versus N concentration.

mass of the top subband means that the lower subbands are not significantly
populated, despite the fact that the energy separation between the highest and
second subband is typically less that 50 meV for 1.5% tensile strain [52, 53]. The
model is less appropriate to lattice matched quantum well structures, and to
quantum wells with moderate tensile strain where the valence band structure is
strongly nonparabolic and where the second subband can play an important role.
The use of realistic band structure yields higher values of the threshold carrier
density than those found with parabolic approximation, because of the differing
shape of the real bands. Although this simple parabolic band model ignores
many features in the real band structure, it should nevertheless be useful for
obtaining a theoretical trend which is in good agreement with the measurements
[52]-[57].

In this section the differential gain is calculated using the parameters pre-
dicted from the band anti-crossing model presented in previous sections. In order
to clarify the effect of the nitrogen concentration and the pressure on the dif-

ferential gain we have calculated the differential gain and transparency carrier
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concentration. The band edge peak gain, G,..., for electron and hole carrier

density n at the quantum well band edge is given by {46]

G'ma::: == GO[fC(n) - fv(n)] (37)
where
_ TEg’m,
GO - Eocnrh:ng’ (3.8)

where I' is the optical confinement factor, £, is the optical energy gap, u? is

the squared dipole moment along a given polarisation of light, m, is the reduced
mass, € is the permittivity in vacuum, n, is the refractive index of the material
and L, is the well width. The quantities f.(n) and f,(n) are the Fermi occupation
factors for electrons at the conduction and valence subband edges, respectively.
The band edge peak gain can be rewritten using the inverted forms of Fermi

occupation factors as

Gmer = Go(l — e™™/me — /) (3.9)
with
m
ew = —o— kT :

where me,, is the conduction and valence band mass, respectively. The value of

a = ny/n. depends only on R(= m./m,). The differential gain at transparency,
B = dGmaz/dn, can be determined by differentiating the peak gain in Eqn. (3.9)

with respect to carrier density as

g — GCmaz _ GO( - l_e—n/nv) (3.11)
dn c Ny

At transparency, Gme: = 0, so the transparency carrier density n can be

determined from Eqn. (3.9) by solving
1 — e = g /R, (3.12)

The value of a (n-/n.) depends only on R.
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Figure 3.6: Calculated values of a (n;./n.) versus mass ratio for 3% N concen-
tration.

0.795
0.790
0.785 S
0.780

0.775 S

Alpha (a)

0.770
0.765 {

0.760

0.755 4

T T T T T T v T T T ]
1.20 1.22 1.24 1.26 1.28

Ratio (R)
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tration.

Fig. 3.6 shows the variation of « (n /n.) with the mass ratio (m./m,)

for 3 % N concentration. From this variation an increase in transparency carrier
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density n.. is obtained as a function of mass ratio. Fig. 3.7 illustratesthe same
calculations in the case of 2 % N concentration. A comparison of these two figures
shows that transparency carrier density n,. increases with increasing nitrogen
concentration.

The differential gain can be rewritten in the following form to see the

bandgap, transparency carrier density and mass ratio dependence as

ﬁOEg

8 = {2+ e (R - 1) (3.13)
with
pr
Po = cocn BT (3.14)

The change in differential gain is determined mainly due to the bandgap energy

E, and ratio R (see Eqn. (3.11)). Bandgap energy E, increases with pressure
causing an increase in differential gain #. The mass ratio R increases with pres-
sure causing a decrease in § due to the ratio of 1/(1 + R) and an increase in 3
due to the second term in square brackets in Eqn. (3.11). In this equation e~¢
tends to decrease this term due to the increase in transparency carrier density,
ng with pressure P. On the other. hand, (R — 1) increases with pressure. The
combined effect of all these gives a decrease in differential gain, as shown in Fig.
3.8. A reduction in differential gain with an increase in nitrogen concentration
can also be seen from Fig. 3.8. The effective mass is another parameter, which
determines the change in differential gain. The amount of this change will in turn
determine the rate of change in ny, with pressure. The average effective mass is
high in GalnNAs and this reduces the differential gain. The effect of the higher
electron effective mass of GalnNAs on the differential gain can be further un-
derstood in terms of the increased density of states. Therefore, the quasi-Fermi
level moves slowly with injected carriers, leading to decreased differential gain.
The amount of this change will in turn determine the rate of change in threshold
carrier density with pressure.

A linear relationship between carrier density and laser gain is assumed, so
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Figure 3.8: Differential gain versus pressure with different N concentration. The
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that the threshold carrier density n;, is then written by

Ngp = Ny + (%) (3.15)

where g;;, is the threshold material gain which takes the form

i~ _{_I_L_E +_1_1 (_1_) (3.16
gth = Qg T Qe I‘Lan )

where a, and o, are the active and cladding layer losses, L is the length of the

laser and R, is the reflectivity of the end mirrors. Since ny., # and ¢, can be
determined as a function of pressure, the pressure dependence of n., can then
be calculated using Eqn. (3.9) - Eqn. (8.12). These allows us to investigate
the pressure dependence of ny, for given laser cavity parameters (laser length
L, active layer thickness L, etc.) This will in turn allow us to determine the
pressure dependence of the threshold current.

Since 4, B and g, as a function of pressure is determined and the pressure

dependence of n, can then be calculated using Eqn. (3.10) through Eqn. (3.16).
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Figure 3.9: Threshold gain versus pressure.

This will in turn allow us to determine the pressure dependence of threshold
current. The transparency carrier density 7. increases with pressure whereas
threshold gain g;, decreases with pressure due to the increase in I'. Therefore,
the threshold carrier density ngy éan decrease or increase as pressure increases
depending on whether the first or second term is dominant on the right hand side
of Eqn. (3.15). The variation of n, and n,,. with pressure is calculated using the
calculated rate of increase of bandgap with pressure and shown in Fig. 3.2. As
can be seen from Fig. 3.10 although transparency carrier density n,. increases
threshold carrier density ny, decreases with pressure for both of nitride systems.
The combined effect of the increase of E,, m. with pressure results a decrease in

threshold carrier density so do threshold current.

3.3 Conclusions

In conclusion, model calculations have been presented to investigate the

effects of hydrostatic pressure on transparency and threshold carrier density for
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Figure 3.10: Pressure dependence of transparency carrier density for (2-3 % N

concentration) quantum-well lasers.
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ITII-N-V systems. A detailed analysis of the pressure dependence of ban‘d struc-
ture, effective mass, optical confinement factor, peak gain and the differential
gain have shown that although n. increases with pressure, n,, can decrease

owing to the increased optical confinement factor.
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Chapter 4

A theoretical comparison of pressure
dependence of threshold current of
phosphorus- aluminum- and

nitrogen-based 1.3 ym lasers

4.1 Introduction

Due to minimum loss in optical fibre transmission, 1.3 and 1.5 um semi-
conductor lasers have attracted much attention. However, the conventional In-
GaAsP/InP system exhibits a relatively low characteristic temperature due to
poor electron confinement as a result of the small conduction band offset and
by the presence of various loss mechanisms, like Auger recombination (AR) and
intervalence band absorption (IVBA). Therefore, different material systems have
been sought to improve the performance at high temperatures. Recently, Al-
GalnAs/InP strained multiple quantum well (MQW) lasers have been developed
to improve temperature dependence in 1.3 pm and 1.5 pum lasers by using wide
bandgap barriers for the suppression of the thermal leakage [47]. Moreover,
the novel material, GaInNAs on a GaAs substrate, has been proposed to solve
these problems [1]. For laser applications this novel material system has several

important advantages as compared to the most commonly used InGaAsP/InP
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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. Secondly, the increase of the electron effective mass with the addition
of nitrogen provides a close match between the effective mass values for elec-
trons and holes, beneficial for laser applications. In addition, GalnNAs gives
the flexibility of tailoring the bandgap and an increase in the lattice parame-
ter. Hence GalnNAs 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) [48]. Reduced Auger recombination may also occur as a re-
sult of the larger electron effective mass and the strong non-parabolicity of the
conduction band. Therefore, this work investigates how the unique features of
GalnNAs/GaAs quantum wells change laser characteristics compared to conven-
tional InGaAsP/InP and AlGalnAs/InP quantum well lasers. The dependence
of the threshold current on pressure and parameters of structure are devoted to
such lasers have appeared recently [49, 50].

Hydrostatic pressure can be used to continuously vary the emission energy
of a laser enabling the study of bandgap dependent processes. This is a practical
alternative to growing an ensemble of devices with varying material parameters
and eliminates the effects that differences in growth quality and compositions
between the structures may have on device performance.

We present calculations here which show that the observed differences be-
tween the three system are well explained by the calculated differences in optical
confinement factor, v, the differential gain at transparency and the carrier den-
sity at threshold. We extend our analysis to estimate the magnitude of the Auger
coefficients and obtain the variation of the radiative and non-radiative part of the
threshold current with pressure. We thus provide further insights into the factors
influencing the threshold current density dependence of the devices operating at

1.3 pm.
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Chapter 4 is organized as follows. In section 4.2, the three laser structures

are described. We present the models that we have used in our calculations
in section 4.3. The necessary comments on the validity of these approximate
models are made to explain the basic physical properties of the laser systems
under investigation. In section 4.4, we calculate the pressure dependence of
the optical confinement factor for seperate confinement heterostructures using
a five layer dielectric wavequide model. Section 4.5 provides a comparison of
“the effect of the variation of transparency carrier density, threshold gain and
differential gain on threshold carrier density for each of the laser system. The
predicted pressure dependence of both the radiative current and non-radiative
Auger current for each system is given in section 4.6. Finally our conclusions are

summarized in section 4.7.

4.2 Laser structures

We consider three different laser structures operating around 1.3 pum wave-
length for comparison. The first type of device studied is P-based lasers which
consists of unstrained Gag 33/ng.67Fp.28AS0.72/Gao.1110.9F0.78AS0.22/InP quantum
wells. The second type of device is Al-based lasers with Aly175Gag.095/n0.73As /
Alp27Gag a1 IngsrAs / InP structure parameters and the well is 1.4 % compres-
sively strained. The third type of device is N-based lasers with 1.7 % compres-
sively strained Gag 7Im0.3Np.022 AS0.098 quantum wells between GaAs barriers and
Alg1GaggAs cladding layers. The quantum well thickness and cavity length in

all structures is taken as 6 nm and 610 um, respectively.
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4.3 Pressure dependence of radiative and

non-radiative threshold current

4.4 The models

In this section, we present the models which enables us to determine the
threshold characteristics, radiative and Auger related non-radiative threshold
current of 1.3 um P-, Al-, and N-based lasers and their variation with pressure.
Qur models provide the first clear comparison of the parameters of structures
and will enable us to predict optimum quantum well laser structures. For the
band structures of P- and Al-based lasers, the material parameters except for
the electron effective mass of GalnPAs and bandgap energies [51] are linearly
interpolated from those of binary materials [30]. The band alignment for P- and
Al-based lasers are derived from Harrison’s model [51] whereas an experimental

derived data is used for N-based lasers [5].

4.4.1 The radiative and non-radiative threshold cur-
rent models

The total current injected in a quantum well can be written as
I =eV]A gy, + B nl, + C njyl, (4.1)

where V is the pumped volume of the active region, which is calculated by multi-

plying the surface area of the contact stripe by the total quantum-well thickness
and e is the electronic charge. A is the monomolecular recombination coefficient,
describing recombination through defects. B is the coefficient describing the di-
rect radiative recombination of an electron in the conduction band with a hole
in the valence band, which is, therefore, a bimolecular process and hence propor-
tional to nZ [58]. Auger recombination involves three carriers (hence, /4,5 = 1)

and is described by the Auger coefficient C.
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4.4.2 Radiative current

The radiative part of the threshold current density can be written as
Jth ~ B nfh (4.2)

where B is the bimolecular radiative recombination coefficient between electrons

and holes and is band structure dependent. B can be estimated analytically,

using Maxwell-Boltzmann statistics, and assuming strict k selection [59]

e’ L, n E, (M2)

B =
co mg A kT m, (1 + R)

(4.3)

where (M2) is the squared momentum matrix element averaged over all po-

larizations of light, which is assumed here not to vary with wavevector k& and

pressure. Therefore, the radiative threshold current can be assumed to vary as

E
Jth X 1 +g Rnfh. (44)

4.4.3 Non-radiative loss mechanism

Long wavelength lasers operating at 1.3 — 1.55 um wavelengths suffer
from significant intrinsic losses such as intervalence band absorption (IVBA)
and Auger recombination (AR). These intrinsic losses increase as the emission
wavelength gets longer. With decreasing energy gap FE,, the spin orbit split-
ting energy Ay becomes closer and closer to E,;. This enhances the probability
of Auger transitions in the valence band as well as intervalence band absorption
[60]. In addition, the influence of intervalence band absorption and non-radiative
Auger recombination can amplify each other [42]. Large internal optical absorp-
tion losses increase the threshold carrier concentration, which in turn leads to
increased Auger losses. As a result of these losses, long wavelength devices have

a high threshold current, low efficiency and high temperature sensitivity.
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The intervalence band absorption (IVBA) is a mechanism that has been
proposed as a possible cause of this sensitivity of threshold currents in the longer-
wavelength semiconductor lasers used for optical fibre communications. The
intervalence band absorption process the emitted radiation is re-absorbed by the
excitation of an electron from the split-off band to an empty state in the heavy-
hole band. This is most likely caused by valence-band structure which reduces the
in-plane effective mass of the holes considerably and, as a consequence, reduces
the transition probability for the IVBA process. Without intervalence band
absorption the threshold carrier density decrease slightly, and so therefore does

the amount of Auger recombination.

Conduction Band

Heavy Hole

Energy, E

Split-Off

Wavevector, k
Figure 4.1: Schematic representation of intervalence band-absorption.

In Fig. 4.1, the dotted arrows indicate how IVBA moves to larger wavevec-
tor k and is thereby reduced with increasing bandgap. IVBA occurs when the
photon is subsequently re-absorbed by lifting an electron from the spin-split-off
band into an injected hole state in the heavy-hole band. The intervalence band
absorption process (IVBA) is illustrated by the solid vertical arrows in Fig. 4.1,
whereby an electron in the conduction band recombines with a hole near the

valence band maximum, creating a photon of energy hv, close to the bandgap
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energy E,. The solid vertical arrow indicate the IVBA process, while the dotted
lines indicate the case for shorter wavelength lasers. The absorption increases
the gain required at threshold and hence increases the threshold carrier density
ny, leading to an increase in threshold current density.

Auger recombination is a non-radiative recombination process whereby
electrons and holes recombine across the energy gap, with the energy released
exciting a third carrier: either an electron higher into the conduction band or
hole into the valence band. There are two possible Auger recombination mech-
anisms: band-to-band [61] and phonon-assisted [62, 63], both have been widely

investigated for both bulk semiconductors [64]-[66] and quantum wells [67]-[69].

CHCC CHSH p-CHSH
CB B CB
1
HH HH HH 5
SO /\ SO SO
@ ) ©

Figure 4.2: Band to band Auger recombination process shown schematically for
a quantum well laser. (a) The direct - CHCC process, (b) CHSH process, (c) A
phonon-assisted CHSH Auger transition.

Four main types of Auger recombination processes are generally considered
in semiconductor lasers. Examples of the two major band-to-band Auger recom-
bination (AR) processes are illustrated in Fig. 4.2. When an electron and hole
recombine, they can transfer their energy and momentum to another electron by
lifting it higher into the conduction band. This is called the CHCC process (C
stands for the conduction band, H and S stand for the heavy-hole and split-off
valence bands, respectively) and is illustrated in Fig. 4.2 (a). Alternatively, a
hole can be excited deeper into the valence band. This is most likely to involve

the spin-split-off band, as shown in Fig. 4.2 (b) and is then called the CHSH pro-
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cess. Many other possible Auger processes may occur, including phonon-assisted
Auger, for which the CHSH process, the electron excited from the split-off band
passes through a forbidden intermediate state (I), and is then scattered with the
absorption or emission of a phonon to the final state is illustrated in Fig. 4.2 (c).
The phonon allows conservation of energy and momentum in the overall process.
We investigate the role of Auger processes with the application of hydrostatic
pressure that increases the direct energy gap F,. The radiative current increases
approximately as Eg in an ideal quantum well laser [70]. In contrast, the Auger
recombination current is very sensitive to the energy gap, decreasing rapidly
with increasing E,;. Auger recombination has a rate that can be approximated

for band-to-band processes as by
J = Cynle EalksT (4.5)

where C., is a complicated expression determined by the band structure and

optical matrix elements, n is the carrier density, kg is Boltzmann’s constant, T'
is the absolute temperature, and E, is the activation energy which can be written

for CHCC process as
M

Eo,=——"—F, 4.6
Me + Mpp y ( )

and for the CHSH process

Mg
2mpn + me — My

(B, — A), 4.7)

a

assuming parabolic bands and Boltzmann statistics. Therefore, the activation

energy is inversely proportional to the valence band heavy-hole effective mass.
Thus, it was predicted by Adams [71] that a reduction in my, due to the in-
corporation of compressive strain into a laser device would reduce the Auger re-
combination rate due to an increase in the activation energy E,. The activation
energy for AlGalnAs/InP systems is larger than that for 1.55 um GalnAsP/InP
lasers [72] and smaller than that for 1.3 um GalnAsP/InP lasers [73].
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4.4.4 Non-radiative Auger current

In Auger recombination an electron and hole recombine across the bandgap
and excite a third carrier into the valence or conduction band. Thus, the tran-
sition does not generate any photons. In this process, three active carriers are
made unavailable for lasing. So, it is an undesirable process in semiconductor
lasers because it makes reduction of threshold current difficult. As a result of
three carriers being involved, the Auger term varies as nJ,. The threshold current

density is then simply given by
Jn = Cnd (4.8)

where C is the Auger recombination coeflicient. This expression is based on

Boltzmann statistics and parabolic conduction and valence band and assumes
therefore that the Auger term C is not carrier density dependent. The Auger
recombination process in semiconductors can either be direct [61] or phonon
assisted [62, 63]; both have been widely investigated for both bulk semiconductors
[64]-[66] and quantum wells [67]-[69]. The CHCC and CHSH Auger processes
are believed to be the two domina;nt processes in long wavelength devices. The
pressure dependence of the threshold current will depend both on the pressure
dependence of the non-radiative recombination coefficient C and on the threshold
carrier density n;,. We have calculated the pressure dependence of the different
Auger processes, using expressions from the literature based on parabolic bands
and Boltzmann statistics. Auger recombination processes have been investigated
by many authors [58, 64],[74]-[78]. In most of these works, analytical expressions
of the Auger recombination coefficients under different conditions were derived.

The usual assumptions behind these expressions are
e parabolic and isotropic bands,
e Boltzmann statistics and

e a constant transition matrix element.
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It should be admitted that the validity of these assumptions is questionable.
The valence subbands in particular are often far from being parabolic and the
accuracy with which Boltzmann statistics represents the carrier occupancy will
decrease with increasing carrier density. On the other hand, it is very difficult
to calculate accurately the Auger transition rates in real systems because of the
complexities involved in integrating over a large portion of the band structure,
uncertainities in the band structure itself, and in the matrix elements. The use
of a realistic band structure yields smaller values of the Auger coefficients than
those found with parabolic approximation [78], because of the differing shape of
the real bands. Although the parabolic approximation ignores many features in
the real band structure, it should nevertheless be useful for obtaining an order

of magnitude estimates of the Auger coefficients and their bandgap dependence.

4.4.5 Direct Auger processes

The direct Auger recombination rate can be expressed as
_ Ea_
Cqg = Coe BT (4.9)

where E, is the activation energy [73]. The minimum activation energy E, and

coefficient Cy for the CHCC direct Auger process can be written as

me Egy
me -+ mhh’

E,(CHCC) = (4.10)

4_71'_ 6_4 me(mpn + me) IMee|2

CO(CHCC) - h € (2 mhh—l-mc)? kT

(4.11)
where my,;, is the valence band heavy hole mass. [Me.| is the matrix element of

the electron-electron interaction which can be taken for the CHCC process as

(77)

% )2 mop Ep

— 12
mMe 3 Eg (4.12)

Meez = ('—_
| Mee| g

Inserting Eqn. (4.10)-Eqn. (4.12) into Eqn. (4.9) and considering only pressure-
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dependent terms, the direct Auger recombination rate for the CHCC process

becomes

CoCHCC)

Mol £110) 1 p (- —me_La) (4.13)

(2mps + mc)? EE me + M kT
Using the same model, the activation energy and coefficient Cy for the direct

CHSH Auger process can be written as

ms(E, — A)
2Mpp +me — My

E(CHSH) « (4.14)

ar et fmpp\? ms(2mpn, + me — my) 2
CiCHSH) = G 5(T) PR B M (119)
with the matrix element
K \? fonfsu
M2 = ( ) .
Mt = () Lok (4.16)

where fon and fsy are oscillator strengths which can be represented in the Kane
model by [79]

fCH S (4.17)

(4.18)

fon = E, hzkg( N m)
S = 3A (B, + A) 2mg me

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

evaluated for different semiconductors by Lawaetz [80]. Here k5 is the solution

of

E, — A — eyky) =0 (4.19)

where ¢, is the energy of the spin-split-off band. Thus |Mee|2 can be written as

2 h? \? E?
IMeel” = (2m0) 9E,A(E, + A) (420)

Similarly, the pressure dependence of the direct CHSH Auger rate can be found
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by inserting Eqn. (4.20), Eqn. (4.15) and Eqn. (4.14) into Eqn. (4.9).

Mpp\ 2 ms(2mhh +me — ms) 1
Ca(CHSH) ( my ) (2mpn +me)2 E,AXE, + A)
Mg E,-A
T  exp (— T ————C ) (4.21)

where my, and m, are the mass of the light hole and spin-split-off band, A

the spin-split-off energy and m, = mp, + my,. It is clear from the above
equations that the relative strengths of these processes are heavily dependent on

the bandgap and effective masses.

4.4.6 Phonon-assisted Auger processes

The strong band structure dependence of the direct Auger processes arises
from the conservation laws of energy and momentum. The additional momentum
conservation in direct Auger processes gives rise to an activation energy for the
process. As can be seen from Eqn. (4.10) and Eqn. (4.15), activation energy
depends strongly on bandgap. In the absence of momentum conservation, there
is no activation energy. Thus the strong band structure dependence will not
appear if the momentum conservation is not satisfied. In the phonon-assisted
Auger processes conservation of momentum can be fulfilled by the phonon. As
a consequence, one may expect that the influence of the band structure is less
important in phonon assisted Auger processes.

The phonon-assisted Auger recombination rate is given by Haug [68] as

A 4rme? o
e

-'Meplz I-’Meel2 1 eh/keT
c, = [

s (B ey T Gy 42

with

Ey = E, | = m/mp (4.23)

E, = E,—A [ = my/mp, (4.24)
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for the CHSH process. A is the area of the quantum well, p E, is the kinetic

energy associated with the forbidden intermediate state and fw is the phonon
energy. In addition to electron-electron interaction M., in this case the electron-
phonon interaction M., is involved and this is described by [77]

Q D%hw

2 - — —
Mol” = 7. 20102

(4.25)

where D is the deformation potential, v, is the velocity of the sound and M is the

sum of the masses of the atoms in the elementary cell of volume 3. The matrix
element for the electron-electron interaction | M| is given by Eqn. (4.12) and
Eqn. (4.16) for the CHCC and CHSH Auger processes, respectively. Therefore,
the pressure dependence of the CHCC Auger rate can be derived by substituting
Eqn. (4.24), Eqn. (4.25) and Eqn. (4.12) into Eqn. (4.22), giving

mhh>2 1

C,(CHCC) mo( ~ (4.26)
g

(o]

Similarly, substitution of Eqn. (4.24), Eqn. (4.25) and (4.20) into Eqn. (4.22)

yields
m, 1
CHCHSH) o oy s R (4.27)
4.5 Comparison of the optical confinement

factors

The change in optical confinement factor with pressure for the three com-
peting structure is calculated according to the five layer waveguide model and
shown in Table 4.1. T increases with pressure since hydrostatic pressure increases

the bandgap. T is predicted to vary with bandgap as
I'~ Cr E? (4.28)

according to the three layer waveguide model [56]. Cr is a material constant and



GalnNAs/GaAs GalnAsP/InP  AlGalnAs/InP

&2 (meV/GPa) 86 86 89
I'% (0 GPa) 0.642 0.930 1.046

(1.2 GPa) 0.736 1.036 1.165
14 (GPa™!) 0.146 0.114 0.113

Table 4.1: The values of the optical confinement factor I' calculated at 0 GPa and

1.2 GPa using a five-layer dielectric slab wavequide model. “£2 is the pressure

dP
coefficient of the bandgap and % % is the increase in I" with pressure

is essentially independent of pressure. This explicit relation of I" with bandgap
according to the three laver waveguide model [83, 84] explains the pressure de-
pendence of T,

The smallest optical confinement factors have been calculated for the N-
based laser system and the highest optical confinement factors correspond to the
Al-based laser system. It should be noted from Table 4.1 that, although the
N-based system has the lowest I, the increase in optical confinement factor with
pressure, i.e. I'"! d['/dP, is the fastest one in N-based system compared to the

other two laser system.

4.6 Comparison of threshold carrier densities

Fig. 4.3 shows the variation of the transparency carrier density with pres-
sure for the three competing laser systems. Firstly, n,. increases with pressure
owing to the increase in m, for a fixed m, which is assumed to be independent
of pressure, as experiments show it to have only a very small pressure depen-
dence even in strained structures [85]. Secondly, although the three laser systems
have comparable transparency carrier densities, Al- based system has the lowest
transparency carrier density, followed by N-based and P-based systems, succes-
sively. The N-based system has higher transparency carrier density than that of
the Al-based system due to the larger electron effective mass. The value of the
effective mass is directly related to the densities of states and result in higher

transparency carrier density in N-based system. The increase in electron effec-
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Figure 4.3: The pressure dependence of the transparency carrier density n,. of
N—, P— and Al-based laser systems.

tive mass provides a close match between the density of states of the conduction
and valence band. In other words the strong conduction band/valence band
asymmetry has been removed in N-based system. However this will not induce
a decrease in transparency carrier density. Since the overall effect is not only
determined by the reduced conduction band/valence band asymmetry but also
the reduced density of states in both valence and conduction band. The reduced
conduction band/valence band asymmetry cause the Fermi levels to move sym-
metrically with injected carrier concentration, however the densities of states is
increased due to the increase in conduction band effective mass.

The variation of threshold gain with pressure for the three modelled struc-
tures is shown in Fig. 4.4. Due to the lower optical confinement, N-and P-based
laser systems require higher threshold gains. On the other hand, the differ-
ential gain @ of the N-based system is greater than that of the both P-based
and Al-based systems as shown in Fig. 4.5. The uncommonly large electron
effective mass in N-based system improves the matching between the conduc-

tion band/valence band asymmetry and provide this system having the largest
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Figure 4.4: The variation of the threshold current with pressure of N—, P— and
Al-based laser systems.

differential gain which further implies high speed modulation.
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Figure 4.5: The calculated pressure dependence of the differential gain of three
competing laser devices.

Fig. 4.6 present the variation of threshold carrier density n,, with pressure
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Figure 4.6: The threshold carrier density as a function of pressure for N—, P—
and Al-based laser systems.

for the three modelled laser systems. It is apparent from these variations that
Al- and N-based lasers are superior to P-based lasers with Al-based laser system
offering the optimum structure possessing the lowest ng,. It is interesting to note
from Fig. 4.6 that ng, of P- and Al-based laser systems decreases with pressure
with rapid reductions calculated in P-based lasers. These reductions are due to
the increase in I and § and the decrease in threshold gain with pressure. On
the other hand, ny, of N-based laser system increases with pressure owing to the
increase in m, which further increasing the band edge density of states.

To understand the pressure dependence of peak gain, we compare the peak
gain of the three competing laser systems for a carrier density of 27102 cm=2.
As can be seen from Fig. 4.7, the peak gain of the Al-based system has the
highest value and it increases with pressure. This system system has the highest
optical confinement factor. For the transparency and threshold, Al-based system
shows the lowest carrier density. Such improved laser properties makes the Al-

based system as an ideal candidate for low power and low threshold applications.

The calculated CB offsets (AE,/AFE,) at 300 K are 0.55 for P-based system and
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0.71 for Al-based system according to the Harrison’s model. Note that both are
smaller than that of the GaInNAs which is 0.80 [40]. The improved CB offset
leads to temperature-insensitive properties. Therefore, combined with the high

differential gain, N-based laser is an ideal candidate for high speed applications.
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Figure 4.7: The variation of peak gain with pressure for the modelled laser
devices. '

4.7 Comparison of threshold currents

Two recombination processes, radiative recombination and nonradiative
Auger recombination (AR), are dominant in semiconductors at high excitation
levels. The current of Auger recombination constitutes a significant part of the
total threshold current in P-based lasers. The Auger current not only affects the
laser threshold current but also its temperature dependence. The stronger the
temperature dependence of the AR rate, the lower the characteristic temperature
and the lower stability of the laser. Therefore, in this section we provide a com-
parison of the influence of both threshold carrier density and the radiative and

non-radiative recombination coefficients B and C, respectively, on the pressure
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dependence of the threshold current of the three competing laser devices. The
calculated variation of the radiative part of the threshold current with pressure

is shown in Fig. 4.8.

GalnNAs/GaAs
‘06 _* ----- GalnAsP/InP
R PPTORRO AlGalnAs/inP

Normalized Radiative Current

0,0 0.2 0.4 0.6 0.8 10 1,2
Pressure (GPa)

Figure 4.8: Pressure dependence of the radiative current density of N-, P- and
Al-based laser systems.

We see that B always increases with increasing £, owing to pressure, with
the overall behavior of the threshold current density Jy, depending also on the
relative change in the threshold carrier density. The radiative threshold current
of N- and Al-based lasers increases with pressure; however the increase of N-based
lasers is much faster than the Al-based lasers. This is due to the fact that the
threshold carrier density n,, increases with pressure in N-based lasers whereas n;;,
decreases with pressure in Al-based devices. On the other hand, the radiative
threshold current of P-based lasers decreases with pressure. This decrease is
due to the decrease in ny, in this P-based device, which offsets the increase in
B completely. This is in agreement to what is observed experimentally [86],
implying that radiative recombination is not the dominant current mechanism

in these P-based lasers.

In a loss free laser, one would generally expect the radiative threshold
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current to increase with pressure as bandgap increases [87]. P-based laser devices
show a remarkable decrease in threshold current with pressure. This decrease has
been attributed to the reduction in Auger recombination. Thus, the variation
of threshold current with pressure gives a measure of the relative strength of
the AR in each of the competing laser structures. We assign the reduction in

threshold current to a combination of two effects:

e a change in the carrier density (increase or decrease) brought about by

the pressure dependence of the gain-carrier density relation and
e the pressure dependence of the Auger coefficient.

Fig. 4.9 - Fig. 4.12 shows the calculated pressure dependence of Auger
current for the three system where we have assumed in all cases that the phonon
energy is small. Firstly, our calculations show that the decrease in phonon-
assisted Auger rate is much weaker than that of the direct processes. Therefore,
these results show that the influence of the band structure is less important
for phonon-assisted processes, because the rate depends directly on the effective
masses rather than on exponential terms involving the effective masses. Secondly,
as can be seen from Fig. 4.9 - Fig. 4.12, the non-radiative Auger current of the
three competing laser systems have similar pressure dependences with a most
significant difference; the rate of decrease of phonon-assisted processes in N-
based laser is slower than that of the other two. The rate of reduction of Auger
coefficient C with pressure is very similar for different processes in each of the
laser system. Therefore, the relative change of n;, with pressure determines the
differences in Auger current. The increase of ny, with pressure is the reason for
the slower decrease of Auger current with pressure in N-based lasers.

Extensive research has been carried out on Auger recombination processes
in Al-based lasers and it has been found that [47, 88, 89] the Auger current
density do not dominate the total current density in AlGalnAs showing that

the situation is improved in Al-based lasers compared to P-based lasers. For
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Figure 4.9: The calculated pressure dependence of non-radiative threshold cur-
rent of three laser systems for phonon-assisted CHCC Auger processes.
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Figure 4.10: The calculated pressure dependence of non-radiative threshold cur-
rent of three laser systems for phonon-assisted CHSH Auger processes.

GalnNAs material, there is no available published data on the Auger coefficients
although, recently, work by Fehse et al. [90] has suggested that direct band-to-
band Auger recombination is not the dominant recombination process.

As can be seen from Fig. 4.9 - Fig. 4.12 both direct CHCC and CHSH
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Figure 4.11: The calculated pressure dependence of non-radiative threshold cur-
rent of three laser systems for direct CHCC Auger processes.
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Figure 4.12: The calculated pressure dependence of non-radiative threshold cur-
rent of three laser systems for direct CHSH Auger-processes.

Auger currents decreases at a much quicker rate than that of the phonon-assisted

CHCC and CHSH Auger currents. Therefore, our results suggest the conclusion

of the Fehse et al. that the band-to-band Auger recombination is not the dom-
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inant recombination process in N-based lasers. The measured change in nor-
malized threshold current with pressure for the three competing laser devices
by S.J. Sweeney et al. [91] has shown that threshold current of P-based lasers
decreases with pressure whereas the threshold current of the other two increases
with pressure with rapid increments has been observed for N-based lasers. They
has been attribute this strong increase with pressure to the increase in ny, with
increasing pressure as a result of the heavier conduction band effective mass. We
have calculated a rate of increase of about 2.5 % in ny, within a pressure range
of 1.2 GPa. Although, this increase is not too much, we expect that it is high
enough to change the overall behavior of the threshold current. The quicker rate
of increase of radiative current of N-based laser implies that radiative current
can dominate the total threshold current density. As an overall, the situation in
threshold current of Al- and N-based lasers is improved compared to the P-based
lasers. These predictions can be supported by comparing the ratio of the radia-
tive to non-radiative recombinatiqn currents for different Auger mechanisms of
the three of the laser systems, see Fig. 4.13 - Fig. 4.16. We find that the ratio
of the radiative to non-radiative recombination currents for phonon-assisted pro-
cesses are increased significantly for N- and Al-based devices compared to that of
the P-based devices. These results indicate clearly that the non-radiative recom-
bination current is significantly smaller in N-based laser and relatively smaller

in Al-based laser devices at room temperature.

4.8 Conclusions

In conclusion, model calculations have been presented to compare the ef-
fects of hydrostatic pressure on the threshold carrier and current density for a
typical three competing laser devices emitting in the neighborhood of 1.3 um.
We have shown that although optical confinement factor I' of N-based system is
smaller, it has a larger pressure dependence than that of the P- and Al-based

lasers. Using simple expressions for idealized quantum well structures, we have
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Figure 4.13: The ratio of the radiative to non-radiative recombination currents
of three competing laser systems for phonon-assisted CHCC Auger processes.
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Figure 4.14: The ratio of the radiative to non-radiative recombination currents
of three competing laser systems for phonon-assisted CHSH Auger processes.

shown that, although the transparency carrier density n,, increases with pressure

in all cases, the threshold carrier density n,, decreases owing to the increased

optical confinement factor I' in P- and Al-based lasers. On the other hand, the
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Figure 4.16: The ratio of the radiative to non-radiative recombination currents
of three competing laser systems for direct CHSH Auger processes.

threshold carrier density n;, of N-based lasers increases slightly causing faster
increments in radiative current. The variation of pressure dependence of laser

parameters indicates that Al- and N-based laser systems are superior to that of
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the P-based laser system and offers the Al- and N-based laser systems as ideal
candidates for low threshold and high speed applications, respectively.

The estimated phonon-assisted Auger currents in N-based lasers has a much
weaker pressure dependence than that was observed for Al- and P-based lasers.
We also find that the ratio of the radiative to non-radiative recombination cur-
rents for phonon-assisted processes is increased in both of the N- and Al-based
laser systems compared to that of the P-based laser system. Greater increments
have been obtained for N-based system. Therefore, these results clearly indicate
that the non-radiative recombination current is significantly smaller in N-based
and relatively smaller in Al-based lasers at room temperature. This is another

indication of the intrinsic superiority of N-based laser system.
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Chapter 5

Performance improvement of 1.3 um
GalnNAs/GaAs quantum well lasers by

doping

5.1 Introduction

It is known that the optical material quality deteriorates significantly with
increasing N mole fractions [92], resulting in a much higher threshold current
density of 1.3 ym emitting Gal_zj 1y NyAs,_,/GaAs lasers compared with that
of In,Ga,_.As/GaAs lasers. In order to improve the performance of 1.3 um
emitting Ga;_,In,NyAs1_,/GaAs quantum ys.(gll lasers, the nitrogen concentra-
tion of Gay_ In;N,Asi_, well should be reduced, although this leads to an
increased strain in the quantum wells. By introducing a strain compensated
barrier to this system it is now possible to grow highly strained GalnNAs wells
free of misfit dislocations and increase the number of quantum wells in the laser
structures [2]. We have shown previously that the performance of equivalent
lasers can be increased by means of using strain compensated barriers. In order
to achieve 1.3 um wavelength and maintain high-quality crystal, one effective
method is to increase the In composition and decrease the N composition simul-
taneously. Increasing In composition, i.e. £ > 3y, results in compressive strain

in Gay_zIn,NyAsi_, layer. Using this method, 1.3 pm room temperature CW
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operation of Gag 71ng.3/No.01AS0.99 compressive strained quantum well laser has
been successfully fabricated [93].

The reports {7, 94] showed that when small amounts of nitrogen is added
to GaAs or InGaAs, the alloy exhibit an unusual band structure than that of
[II-V alloys. This unusual band structure opens an interesting possibility of us-
ing N containing alloys for long wavelength optoelectronic devices [94]. The gain
characteristics of nitride alloys emitting 1.3 um has been studied theoretically
and experimentally and compared with more conventional alloy systems [93]-[96].
The potential advantage of doping, however, needs more consideration since there
are only limited number of works, (6, 93, 97]. The limitation on the maximum at-
tainable free electron and/or hole concentration by doping is an important issue
for the physics of semiconductors and the functionality of their devices. Yu et
al [100] reported that the maximum free electron concentration increases rapidly
with the N concentration in heavily Se-doped GalnNAs alloys. A dramatic in-
crease of the conduction band electron mass is also reported in heavily n-type
doped GalnNAs alloys [6, 93). These findings offer an interesting opportunity to
use alloying with nitrogen not only to overcome doping limits but also provide
a closer match between the valence- and conduction-band effective masses in n-
type III-V systems. In addition, an understan&ing of the effect of doping on band
structure parameters is an important issue which has to be addressed and will
certainly help to clear out the optimization of III-N-V quantum well active layer
for improved device performance. In this respect, we have determined the effect
of doping on Fermi functions, effective maés, transparency carrier density, peak
and differential gain by the unusual band structure behaviour of nitride systems
and shown that doped GalnNAs quantum well active layers may have certain
benefits to lasers [97]. In addition, a significant reduction in the transparency
carrier density by p-type doping and an increase in gain by n-type doping are ob-
served for GalnNAs/GaAs contrary to nitrogen-free InGaAs/GaAs. Overall, our

theoretical investigation revealed the fact that n-and p-type doping have also an
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unusual, i.e. reverse effect on the band parameters of nitride systems compared
to that of the nitrogen-free systems.

The theoretical potential advantage of doped Ga;_,In,N,As;-, / GaAs
quantum wells for 1.3 um laser emission is studied. By means of considering dif-
ferent x/y concentrations, we present the influence of doping on transparency car-
rier density, gain properties and spontaneous emission factor of 1.3 um emitting
Gay-zIn;NyAs,_,/GaAs strained quantum wells and compare with an equiva-
lent N-free system 1.3 um In,Ga;_,As/GaAs laser structure. This study pro-
vides useful information for the optimization of doped Ga,_,In,N,As;_,/GaAs
on the basis of 1.3 um emission wavelength. In this chapter we examine how the
doping concentration modifies the N-induced changes in fermi functions, band
structure, gain characteristics and spontaneous emission factor by modelling five
Gay_zIn,NyAs,_,/GaAs quantum well laser structures in terms of simplified
models for different z/y ratios and determine the optimal laser configuration of
compressively strained Ga;—zIn;N,As;_, quantum well lasers emitting at 1.3 um
is studied. An equivalent nitrogen-free system is also provided for comparison.
The nitrogen concentrations that we have chosen span the range of experimen-
tally demonstrated values [50, 98].

In order to predict the potential advantage of doping on gain characteristics
of 1.3 um Gay_zIn,N,As;_, laser material s&{s_tem for different In/N ratios and
provide a clear comparison of the structure parameters, we use BAC model and
idealized band model. A compressively strained Ga;_,In;NyAs,_, quantum well
(x > 3y) yields a 'type-I' band alignment, favorable for lasing action. The band
alignment for the nitrogen free system is derived from the Harrison model [99]
and the nitrogen including system from the model solid theory [41]. The used
parameters for the quaternary compounds are obtained by interpolation method
[30].

The band anti-crossing model has been successfully used to quantitatively

describe the dependencies of the upper and lower subband energies on N con-
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centration and on hydrostatic pressure of group III-N-V alloys [98]-[103]. E._
transitions shifts towards lower energies with increasing N concentration, on the
contrary, E, transition shifts towards higher energies with increasing nitrogen
concentration, and its intensity increases relative to the £_ intensity (8, 12, 26].
As has been stated previously, the electron effective mass in Ga;-.In,NyAs,_,
has been predicted [104]-[107] to increase with increasing nitrogen concentration
in the low concentration range. This behaviour is rather unusual and in fact
is opposite to the conventional semiconductors, where the value of the effective
mass decreases with decrease of the bandgap energy. Moreover, the conduction
band in the alloys is predicted to be very non-parabolic [106], leading to a strong
energy dependence of the effective mass. The knowledge of the effect of the ef-
fective mass on gain parameters is of special significance for a full exploration
and optimisation of this material system in device applications. Therefore, it is
our aim at this point to discuss the influence that this has on design issues. Qur
calculated results show an increased value of the electron effective mass in 1.3 um
Gai_.In,N,As;_, with increasing nitrogen concentration, as has been predicted
by theories. Such an increase may.‘bring a beneficial for device designing due to

its effect on subband carrier populations.

5.2 Idealised band model

Idealised band model is based on the assumption that the lasing charac-
teristics are dominated by a single conduction band of mass m. and a single
valence band of mass m,. This idealised band structure should provide a rea-
sonable description of thin wells under biaxial compression, where m,/m. = 2
(108, 109] and the large energy separation between the valence subbands means
that only the first subband is sufficiently populated to play a role. It should also
describe thicker wells under large biaxial tension, where m,/m. > 10, and the
very large effective mass of the top subband means that the lower subbands are

not significantly populated, despite the fact that the energy separation between
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the highest and second subband is typically less that 50 meV for 1.5 % tensile
strain {52, 53]. The model is less appropriate to lattice matched quantum well
structures, and to quantum wells with moderate tensile strain where the valence
band structure is strongly nonparabolic and where the second subband can play
an important role. The use of realistic band structure yields higher values of
the transparency carrier density than those found with parabolic approximation,
because of the differing shape of the real bands. Although this simple parabolic
band model ignores many features in the real band structure. it should never-
theless be useful for obtaining a theoretical trend, which is in good agreement
with the measurements {108]-[110]. The band edge peak gain, G oz, for electron
and hole carrier density n at the quantum well band edge is given in Eqn. (3.7)-
Eqgn. (3.13).

The spontaneous noise at the peak gain is given by [46]
S = Gofe(n)[1 — fo(n)]- (5.1)

This can be written in terms of carrier density as

S = Go(l — e™m)(1 — e /™), (5.2)

The amplifier noise enhancement factor or spontaneous emission factor in semi-

conductor lasers is

S e—n/nc e—n/nv

" s b 1 — e /e — en/no’

(5.3)

It is not our intention in this paper to draw any quantitative conclusions relative

to experimental values. Therefore, the use of these models provides us the re-
quired simple phenomenological expressions for the band structure as needed for
laser modelling. Both models that we have used are simple, provide analytical

expressions and explain the basic physical properties of materials well.
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5.3 Theoretical results and discussions

In order to obtain the optimal laser performance, the transparency car-
rier density must have its minimum possible value and the differential gain and
transition matrix element must have its maximum possible value. The primary
use of GalnNAs as an active layer in laser configurations is to obtain the suit-
able values of transparency carrier density, differential and and transition matrix
element. In this work we would like to provide some insight into basic design
rules. When considering the necessary indium and nitrogen concentrations to
achieve 1.3 um, it is known that the laser related parameters modify with In and
N concentrations [101]. When GalnNAs is intended to use as an active layer in
a laser configuration, in general, it is accepted that the route of the highest pos-
sible indium and lowest possible nitrogen should be followed [101]. In this way
the effect of the nitrogen is used only in the contribution to the reduction of the
bandgap and nitrogen-induced nonparabolicity is suppressed. Consequently, the
transparency carrier density is minimised and the differential gain is maximised.
We should also bear in mind that GalnNAs/GaAs laser systems have substan-
tially better band alignment thaﬁ the commonly used nitrogen free system. A
significant increase in conduction band offset ratio and a decrease in valence
band offset ratio have been calculated with ,Ehe introduction of nitrogen to In-
GaAs, as shown in Table 5.1. This result highlights the intrinsic superiority of
the N-based laser system and offers the GaInNAs/GaAs laser system as an ideal
candidate for high temperature operation. As can be seen from Table 5.1 AE¢
gets bigger with increasing nitrogen and decreasing indium concentration. On
the other hand, AFy gets bigger with increasing indium and decreasing nitrogen
concentration. Thus, hole leakage increases and electron leakage decreases with
increasing nitrogen concentration showing an opposite tendency. It is known that
in order to suppress the carrier leakage the conduction/valence band edge of the
well must be kept away from that of the barrier. Therefore, the z/y concen-

tration must be well controlled to optimize the carrier leakages while designing
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(In/N) Q. | AE¢ (eV) | AEy (eV)
(0.46/0) | 0.527 | 0.299 0.268
(0.50/0.011) [0.519 | 0.303 0.281
(0.40/0.017) | 0.620 0.355 0.218
(0.33/0.021) [ 0.696 | 0.397 0.173
(0.30/0.022) | 0.725 0.408 0.155
(0.20/0.026) | 0.833 | 0.460 0.093

Table 5.1: Calculated band alignments of 1.3 um Ga,_ In;N,As,_,/GaAs laser
system for different In/N ratios.

1.3 um Gay_,In N, As _,/GaAs laser system. The investigation of Table 5.1
illustrates the fact of the route of the highest possible indium and lowest possible
nitrogen should also be followed in order to obtain the favorable band alignment.

The effect of the z/y concentration on effective masses of 1.3 um emitting
Gaj_pIn,NyAs;_,/GaAs laser system is summarized in Table 5.2. The increase
of the nitrogen concentration on the band structure of the alloy is translated to
an increase of the electron effective mass in an explicit way and therefore the
uncommonly large electron effective mass improves the matching between the
density of states of the conduction band and valence band, i.e. the m./m, ratio
gets better in the N-including system. This result confirms the fact that the
strong conduction band/valence band asymmetry has been removed in nitrides
compared to N-free conventional material system. However, it should be noted
that the matching between the effective mas;es enlarges for high In/low N con-
centration, which will further results an improved differential gain. It has been
shown previously [97, 101] that the transparency carrier density n. increases
with increasing nitrogen concentration and the n,, of the nitrogen-including ma-
terial system is relatively high compared to the nitrogen-free material system,
due to high carrier effective masses, which translates into a high density of states.
The effgct of nitrogen concentration on n; can become more clear considering
the dependence of the quasi-Fermi levels on the carrier concentration. Since the
density of states is bigger with increasing N concentration, the electron Fermi

level moves slowly with injected carriers. We have shown [97] that although the
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(In/N) me(mg) | my,(myg) | me/my
(0.46/0) | 0.048 | 0.054 | 0.888
(0.50/0.011) | 0.055 | 0.053 | 1.037
(0.40/0.017) | 0.068 0.060 1.133
(0.33/0.021) | 0.077 | 0.066 | 1.166
(
(

0.30/0.022) | 0.081 0.068 1.191
0.20/0.026) | 0.096 0.079 1.215

Table 5.2: Calculated effective masses and their ratios for different In/N ratios
in 1.3 um Gay_.In.NyAs,_,/GaAs laser system.

transparency carrier density ng of nitrogen-included system is higher than that
of the nitrogen-free system. n;. values can be reduced effectively by means of n-

and p-type doping.
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Figure 5.1: The plot of transparency carrier density (n;,) as a function of N con-
centration for 1.3 um doped and undoped Ga;_,In,N,As,_,/GaAs laser system.

Fig. 5.1 shows the increase of n,. with increasing N concentration for
compressively strained 1.3 um Ga,_zIn,NyAs,_,/GaAs quantum wells emitting
at 1.3 um. Although the strong conduction band/valence band asymmetry has
been removed in nitrides compared to N-free conventional material systems as
shown in Table 5.2, this will not induce a decrease in the transparency carrier

density. The conduction band/valence band symmetry cause the Fermi levels
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to move more symmetrically with injected carrier concentration however the
density of states in the conduction band is increased due to the increase in
conduction band effective mass. As an overall, the conduction band/valence
band symmetry do not imply reduced transparency. Because the overall effect is
not only determined by reduced conduction band/valence band asymmetry but
also the reduced density of states in both valence band and conduction band.
Fig. 5.1 indicates clearly that although the n,, increases with the addition
of N into InGaAs, this disadvantage can be eliminated effectively by means of n-
and p-type doping. In Eqn. (3.7) and all that follow, the presence of donors or

acceptors can be accounted for making the following replacements [46] of:

n+ N,

donors: & —( + b
Ne Ne

TL+NA

Ny

)
)

. on
acceptors: = — (

3

We kept both n- and p-type doping density at 2z10®cm=3. Our calculations

show that the ny of the doped Gay_zIn;NyAs,_,/GaAs lasers with an emis-
sion wavelength in the area of 1._3 um can have much lower values than that
of the undoped N-free corresponding system. The analysis of Fig. 5.1 confirms
the facts that we have stated before for the same material system with fixed
indium and varying nitrogen concentration; -n-type doping is more effective to
reduce the transparency level in the nitrogen free system, whereas p-type doping
is more effective to reduce the transparency in the nitride system. This shows
that doping has a reverse effect on nitride systems compared to an ‘equivalent
nitrogen free system. Therefore, the nitrogen induced modifications of the con-
duction band structure results the Ga,_./n;N,As;_,/GaAs laser system having
an unusual property of doping. Our calculations presents that a combination of
the effect of the route of the highest possible indium and lowest possible nitro-
gen and both n- and p-type doping should allow us to have much smaller n,,
values for the 1.3 um Gay_In,NyAs,_,/GaAs laser system than that of the

corresponding nitrogen free system. Fig. 5.2 shows how the peak gain of 1.3 um
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Gay_In,NyAs,_,/GaAs laser reduces with increasing N concentration. The
increase in the conduction band effective mass leads to an increase in the car-
rier concentration at transparency for GalnNAs structure and a decrease in the
quasi-Fermi energy separation Ey. — LY, for a fixed carrier concentration. As a
consequence the peak gain decreases at a fixed carrier density when compared to
an equivalent N-free corresponding. On the other hand, the peak gain values for
the route of the highest possible indium and lowest possible nitrogen of 1.3 um
Gay_ In,NyAsi_,/GaAs is close to the peak gain values of the corresponding
nitrogen free system indicating the effect of the proper choice of the z/y concen-
tration. This variation is obtained when the laser material systems are undoped.
In order to see the effect of doping on peak gain we obtain a variation of peak
gain as a function of nitrogen concentration for a donor and acceptor doping

density of 22108cm=3.
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Figure 5.2: The variation of peak gain as a function of nitrogen concentration
for 1.3 um undoped and doped Ga;_ In;N,Asi_,/GaAs laser system.

As can be seen from Fig. 5.2, a very rapid increase in peak gain is ob-
tained in the case of both n- and p-type doping compared to undoped material

system. It should be noted that the magnitude of peak gain is more influenced
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by p-type doping in a nitride free system whereas n-type doping seems effective
in 1.3 um Gaj_zIn,NyAs,_,/GaAs laser systems. The variation of differential
gain for undoped and n- and p-type doped 1.3 um Gay_,In,N,As;_,/GaAs as a
function of nitrogen concentrations is calculated by using Eqn. (3.13) and shown
in Fig. 5.3. First, the peak differential gain is reduced with increasing nitrogen
concentration. The nitrogen dependence of the differential gain depends on the
variation of bandgap, the mass ratio and momentum matrix element. This can
be analysed as follows; bandgap decreases with increasing nitrogen concentra-
tion causing a decrease in differential gain. Mass ratio increases with nitrogen
concentration causing a decrease in differential gain due to the ratio (%m) and
an increase in differential gain due to the second term in square brackets in Eqn.
(3.13) (tends to decrease this term owing to the increase in transparency carrier
density with nitrogen concentration; on the other hand, increases with nitrogen
concentration). Momentum matrix element decreases with increasing nitrogen
concentration which will in turn decreases the differential gain. The combined
effect of all these gives a decrease in differential gain with increasing nitrogen
concentration. Second, the differential gain of the 1.3 um N-free laser system
is in fact reduced by n- and p-type doping of the quantum well. On the other
hand, the differential gain of the 1.3 um Ga;_zIn.NyAsi_,/GaAs laser system
increased by both n- and p-type doping of thé’;Quantum well. It should be notice
that both n- and p-type doping tend to have the same values with increasing
nitrogen concentration. The reduction in peak differential gain is a result of the
increased density of states due to the higher ‘electron effective mass in nitride
systems. The higher density of states cause the quasi Fermi level to move more
slowly with injected carrier concentration, therefore, resulting a decreased peak
differential gain. It is instructive to calculate the spontaneous emission factor,
Ngp, for different In/N concentrations and this variation is shown in Fig. 5.4.
The spontaneous emission factor, ngp,, increases with increasing N concentration.

The rate of increase is slow for the low N concentration and then it increases
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very rapidly with N. Both Gnq; and S decreases with increasing N concentra-
tion, however the rate of decrease of G,,,, is faster than that of S resulting an
increase in ny, with increasing N concentration. Fortunately ng, can also be
decreased by means of doping as shown in Fig. 5.4. p-type doping seems to
appear more effective at higher nitrogen concentration. In fact, this can be seen
more clearly from the variation of n,, with injection carrier density. Therefore,
the magnitude of ngp, is more influenced by p-type doping which is the reverse of
what was calculated for N-free system in which n-type doping is more effective

to reduce ngp.
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Figure 5.3: The differential peak gain of uﬁdoped and n- and p-type doped
Gay_gIngNyAs,_,/GaAs laser system as a function of nitrogen concentration.

5.4 Conclusions

Ideally, one requires the lowest possible transparency carrier concentration
and the maximum possible differential gain in a laser structure. By means of
this both the transparency and threshold carrier concentrations to reach the pos-
itive material gain and maximum gain are minimised, respectively. Additionally,

a high differential gain enhances the modulation bandwidth of laser structures.
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Figure 5.4: The calculated variation of the spontaneous emission factor versus
N concentration for undoped and n- type and p-type doped Gay—.In,NyAs1_,
/ GaAs laser system.

The transition matrix element quantifies the overlap between the electron wave-
function and the hole wavefunction. Hence maximum possible values are desired
since the wavefunction overlap is then more efficient leading to higher values
of gain. The transparency carrieri concentration, the peak gain and differential
gain and the transition matrix element are magnitudes that depend on the band
structure of the active material, which in turn is modified for different indium
and nitrogen compositions. In order to conclude the optimal route of 1.3 um
Gay—oIn,NyAs,_y/Gahs laser system, we present a theoretical variation of gain
characteristics as a function of different In/N concentrations, which result an
emission wavelength of 1.3 um, and especially focus on the effect of doping on
these properties. We conclude that the optimal route of 1.3 pm wavelength Galn-
NAs would be the choice of the higher indium instead of the higher nitrogen due
to the better matching of the effective masses, favorable band alignment, smaller
transparency carrier density, higher peak and differential gain and lower sponta-
neous emission factor. Qur results reveal that doping has a reverse effect on gain

characteristics of Gai_.In;NyAsi_,/GaAs laser system compared to the N-free
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corresponding laser system. This is another unusual physical property of nitro-
gen containing alloys due to the nitrogen-induced modifications of the conduction
band structure. In addition, we have shown that the modulation doping have
certain benefits in Ga,—_In,NyAsy_,/GaAs laser system. As an overall, signif-
icant improvements in the performance of the novel material system of 1.3 um
Gay_ IngNyAs;_,/GaAs laser system have been calculated by doping keeping

the route of the high indium and low nitrogen concentration.
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Chapter 6

Bandgap renormalization in

semiconductor quantum well lasers

6.1 Introduction

The material gain calculations for bulk and quantum well lasers have often
based on the free carrier model, where Coulomb interaction between the injected
electrons and holes in the active region is ignored. This model was first for-
mulated about thirty years ago [111]- [114]. Although some of the many-body
effects in semiconductors became known in 1970’s {115}, a systematic theory for
semiconductor-light interactions including Coulomb interactions was only avail-
able much later [116]- [119]. The role of Coulomb interaction between electrons
and holes confined into an active region of la:ser diode can be explained within
a simple physical picture; while Coulomb force attracts electrons and holes at a
closer distance, electron-hole radiative recombination rate increases, which man-
ifests an enhancement in the intensity of spontaneous emission as well as in gain
magnitude. In order to obtain more comprehensive model for the gain in the
presence of large numbers of oppositely charged carriers the many body theory
needs to be invoked. Some potentially significant many-body effects are band-gap
narrowing, interband Coulomb attraction, plasma screening, and carrier-carrier

scattering [119].
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Because of the technical application of optoelectronic devices such as laser
diodes, bandgap renormalization as one of the important factors of the optical
nonlinear mechanism in the semiconductor quantum well systems has great deal
of attention. The free carriers gives rise to bandgap renormalization which ex-
plains the experimental fact of the low-energy-side broadening of the spontaneous
emission in the quantum well laser {120]-[122]. Work on bandgap renormalization
due to many body effects has been extensively carried out, taking into account
the screening on the Coulomb interaction between all charged particles as well
as the exchange interactions.

In order to obtain a quantitative understanding of the renormalizations and
of their subband dependence in quantum well systems, fully dynamic random-
phase approximation self energy calculations will hence be considered. The cal-
culations will be carried out for realistic systems with finite well widths, finite
barrier heights, and finite temperatures. The optical gain and threshold cur-
rent density will be calculated using the density matrix theory with intraband
relaxation.

In this chapter, we first provide the theoretical background of the bandgap

renormalization and present the material gain calculations for conventional lasers.

6.2 Theoretical Model -

Enhancement of the optical gain due to the attractive electron-hole inter-
action is considered to be important in the description of the optical properties
of semiconductors [124]. Coulomb interaction modifies spontaneous emission and
gain spectra of laser diodes by shifting the gain peak towards lower energies. One
of the inherent characteristics of electron-hole plasma is screening of the Coulomb
potential. The modified, screened Coulomb potential Vy,(q,w), as described in

the momentum and frequency domain relates to an unscreened Coulomb poten-
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tial, Vg, as:

Viglg,w) = E(:;’w) (6.1)

where €(g,w) is the longitudinal dielectric function that includes spatial disper-
sion (g dependence) and spectral dispersion (w dependence). If one neglects the
dynamic aspect of screening contained in a frequency dependence of the dielec-
tric function, £(g,w), one can obtain the following dielectric function using the
plasmon-pole approximation [125]:

1 2
1 - 2t (6.2)

elqw) W

where wy; is the plasma frequency, while wq is an effective plasmon mode fre-

quency. The Coulomb interaction Hamiltonian contains the Fourier transform of
the screened Coulomb potential is

Via = Vy(1 - 2, (63)

2
Wy

Quantum well widths for lasers are less than 150 A, which is sufficiently narrow

to approximate the carriers as a two-dimensional plasma. In particular, in case of
electrons and holes confined in a quantum well, one should use a two-dimensional
(2D) Coulomb interaction, given by:

2me?"

= (6.4)

q

where A is the quantum well area, ¢, is the background dielectric constant in

the area of the quantum well and q is taken as ¢ = k — &’. The another two
parameters are the effective plasmon frequency w:‘; given by

G, he?
4 “2m,

a
wg = wf,,(l + E) + ), (65)
and the two dimensional (2D) plasma frequency wy is

o 2me®NypqL, 8mNypL.ajekq
wpl = = 3
€y h

(6.6)

where C, is a unitless constant typically in a range 1-4, Nop = Ns3plL, is the
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(2D) carrier density in a quantum well width of L,, m, is the reduced effective
mass of conduction band electrons and valence band holes in directions parallel
to the quantum well plane and ag is the radius of the lowest exciton state and
known as exciton Bohr radius,

4hmegep
o = 2 .
e’m,

(6.7)

The resonance energies for the optical transitions can be changed by the Coulomb

interactions, which for low densities leads to the creation of exciton. Here the
Coulomb attraction can bind an excited electron and hole pair into an exciton,
which is hydrogen-like ”atom” with a finite lifetime. By replacing proton mass by

the reduced electron-hole mass, m, = m—":i’";n“—c, we can use Bohr hydrogen model.

The energy of the lowest state is given by the exciton Rydberg energy ¢g,
h2
2m.a}

62

€ =

8meeyag
e*m,

y 32(meep)2h?’ (6:8)

The description of the semiconductor behavior depends on ag compared to the

mean distance between electron-hole pairs and the screening length, and ¢z com-
pered to kgT. |

As shown in Fig. 6.1, the Bohr radius increases linearly for InGaAs/GaAs
with increasing In concentration. The inverse screening length () is a measure
of effectiveness of the screening of the Coulomb interaction between two carriers

by other carriers and defined by

e? ONyp.  ONgpp
K= +
2eey” Opge O fo

)- (6.9)
In the two band, quasi equilibrium approximations near band edge yields

2 m, my
= —(—foo+— 6.10
" ag mrfo_l_m,fho) ( )

where f,q denotes the Fermi-Dirac distribution at £ = 0. This analytic result can
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Figure 6.1: Bohr Radius for different In concentration.

be verified easily by using the explicit two dimensional carrier density formula
and the Fermi Dirac distribution for £ = 0.

Using Eqn. (6.3)-(6.5) and Eqn. (6.6), it can be found that the screened

Coulomb potential as

4mepag , q Crapq® h
Vg = = —_— ) 6.11
q Aq (KI) (1+%+ 302';(1[3292) ( )

We apply these equations to study the bandgap renormalization effect that is the

effect of carrier Coulomb interaction on the spectrum of e-h inter-band recombi-
nation. This Coulomb Hole (CH) contribution to the band-gap reduction with

inserting the V;, in Eqn. (6.15), that is the hole-energy in terms of an effective

mass as
EZk = —Ey+ Z VSQ
q#0
K2k?
- 5

S (6.12)

and
By = —Eu+) Vot (Vg — V)

q#0 q#0
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= Ehk']"Z(Vsq_Vq)'
g#0
= Eu+ AEcH, (6.13)

where the Debye shift, or Coulomb-hole self energy, can be defined as

AECH = Z[Vsq - Vq] (614)
q#0

This term is independent of wavevector and is usually considered as an addi-

tional contribution to the bandgap shift. It is due to the increasing effective
plasma screening that occurs with increasing carrier density. At verv low car-
rier densities, the lack of vacant valence band states together with the exclusion
principle limit the ability of the valence electron distribution to effectively screen
the Coulomb repulsion between a conduction electron and any one of the valence
electrons. The corresponding abundance of vacant conduction band states are
energetically inaccessible to a valence electron via the Coulomb interaction. At
higher carrier densities, more vacant valence band states are available to allow
the redistribution of charges for more effective screening. Since the screening
of a repulsive interaction leads to a lowering of the conduction electron energy,
the transition energy decreases with increasing density. The static plasmon-pole

approximation the Coulomb-hole energy is written as

AEch = ) (Vag— Vo)

q#0
1
= ZVq(G— ~-1)
q#0 q
2 2
— 27 .2 q Cr hq 21—1
= - g)v;wpl[wpl(l + ";;) + _Z(Zm,) e (6.15)

In addition to the Coulomb-hole self energy, there is a second contribution to the

carrier density dependence of wy that comes from the Hartree-Fock approxima-

tion,

AEsxr = — Z Vo k=t (Mekr + Nakr), (6.16)
KAk

which is screened-exchange (SX) shift. It is often a reasonable approximation to
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neglect the weak k-dependence in AFgyx ; and just use a k-independent AEgy.

In this case, both contributions to the wj renormalization are independent of k

and renormalized bandgap is given by
Eg = Egg + AFEcy + AEsyx.

Evaluating Eqn. (6.15) and Eqn. (6.16) for the quantum well

AE = 9% o ___dg
CH RQo fo 1525 Cags
I 327rNQD

~ —2¢epaok In(1 + ,/%).

and

AEsx = —

(fex + fnk)

Crragk?

2epag /°°d 1+ 327 Nap
k Cragk3
0 142+ 320 Nop

where for and fui are the Fermi-Dirac distributions.
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Figure 6.2: The bandgap renormalization as a function of carrier density for

In,Gay_,As/GaAs quantum well for z = 0.4 and L, = 60 A.
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6.3 Results and Conclusions

In this section, our aim is to examine the linear gain including the bandgap
renormalization for InGaAs/GaAs quantum wells. We have carried out calcu-
lations for a strained 60 A In,Ga;_,As well at T = 300 K. The material pa-
rameters are quoted from Vurgaftman [30] and Chuang [111]. The linear gain,
a(w), calculations for quantum wells have been carried out the theory developed
by Asada [126] who used the density-matrix theory with relaxation broadening.

The linear gain a(w) is given for parabolic bands by the following equation of

* *
mC m’U

1 00 9
a(w) - w\/ZN/E) (m; + m:) 7rh2Lz g /Eg-l-Ecj-}-Evj/ < RC’U(ECU) >

x(fC(ECjku) - fU(EUj’k"))L(hw)dEcv’ (620)

with a Lorentzian broadening function

h/Tin

H0) = B o + ()

(6.21)

where 7;, is the intraband relaxafion time that characterize the decay time of

the dipole formed by the recombining electron and hole, which interacts with
the electromagnetic wave. w is the angular frgquency of light, u is the free space
permeability, € is the dielectric constant, L, is'the well width , mim2/(m? +m})
is the reduced mass and E,, is the transition energy. The transition energy with

bandgap renormalization is written as
Ee = Eg + E. + E, + AE(N). (6.22)

where Ey is the bulk bandgap, E. and E, are conduction- and valance-subband

energies, respectively. The transition energy (E,) is increased by the electron and
heavy-hole quantum confinement energies, which depend directly upon quantum
well thickness (L,), and also upon indium concentration via the effective masses

m?, m;,, m};) and conduction-band and valence-band offsets. The last term
e hh (13



tale]

AE(N) is the bandgap shrinkage due to the Coulomb-hole self energy, AEcy,
and screened-exchange (SX) shift, AEgx. This term depends on the total carrier
density N and decreases the transition energy. We calculate the bandgap renor-
malization as a function of carrier density for 60 Alng4GagsAs quantum well
and Fig 6.2 shows the results illustrate the fact that the bandgap renormalization

increases with increasing carrier density.
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Figure 6.3: The linear gain for the InGaAs/GaAs with and without bandgap
renormalization as a photon energy.

The Coulomb interaction between the’injected electrons and holes in the
active region is considered to be a more compr;hensive model for the gain. In or-
der to examine the effect of bandgap renormalization on linear gain, we calculate
the linear gain for InGaAs/GaAs lasers with and without bandgap renormaliza-
tion. This is illustrated as a function of photon energy in Fig. 6.3. As seen
from Fig. 6.3, an enhancement in the linear gain is calculated when the bandgap
renormalization is included.

The phenomenon of Coulomb enhancement, resulting from the consider-
ation of many body effects, is included in the calculation of the gain of the
quantum well lasers.

In order to examine the carrier dependence of peak gain with and without
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Figure 6.4: The peak gain for the InGaAs/GaAs with and without bandgap
renormalization as a function of carrier density.

bandgap renormalization, we obtain Fig. 6.4. Peak gain increases with increasing
carrier density. It can be concluded from Fig. 6.4 that one should have taken
into account bandgap renormalization for gain calculations since gain is enhanced
approximately three orders of magnitude when the bandgap renormalization is

included. The order of magnitude of the enhancement depends on the carrier

density.
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Chapter 7

Band offset dependence of exciton
binding energy calculations in 1.3 um
Gay—zIngNyAs,_,/GaAs quantum well

lasers

7.1 Introduction

There has been considerable interest in excitons in semiconductors quan-
tum well structures. Excitons have large effects on optical phenomena in these
structures, so that an understanding of their properties, such as the increase in
binding energy and oscillator strength due to confinement effects, has become
an important topic in the physics of multi layer systems. Following the work of
Miller et al [127] several authors have calculated binding energies of excitons in
both infinite [127]-[145] and finite quantum wells [128, 129]. All these calcula-
tions are variational, including or not different phenomena such as valance-band
mixing, nonparabolicity of dispersion relations, effective-mass, and/or dielectric
constant mismatch between the well and barrier materials, Coulomb coupling
between excitons belonging to different subbands, etc. These calculations need
important computation times and the accuracy of the result depends to a large

extent on the form of the trial wave function. In section 7.2 we review a fully
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analytical model to calculate the exciton binding energy. The aim of the method
reviewed here is not to compete with the very advanced ones like the very ac-
curate theory proposed by Adreani and Pasquarello {128]. On the contrary, it
is avoided tedious calculations to obtain, with reasonable accuracy, the exciton
binding energy in most of the type-I confined structures. In its analytic, very sim-
ple form the method takes into account the effective-mass and dielectric-constant
mismatches and the conduction band nonparabolicity. A satisfactory agreement
with both experimental results and calculations of Adreani and Pasquarello [128]
is obtained for InGaAs and the method stay free of tedious computer calcula-
tions. The gain characteristics of nitride alloys emitting 1.3 — 1.5 um has been
studied both theoretically and experimentally and compared with more conven-
tional alloy systems [93]- [96]. The investigation of the exciton binding energy,
however, needs more consideration since there are only limited number of works
[146]. Therefore, an understanding of exciton behavior in III-N-V quantum wells
is an important issue which has to be addressed and will certainly help to clear
out the optimization of III-N-V quantum well active layer for improved device
performance.

The aim of this work is first to provide an understanding of the variation
of exciton binding energy in Ga;_;In,N,As,_, laser material system with ni-
trogen concentration. Secondly, in order to predict the optimal In/N ratio of
1.3 um Gai-zIny;NyAsi_, laser system, we calculate the exciton binding en-
ergy by means of modelling five Gai_In;NyAsi_,/GaAs quantum well laser
structures for different x/y (In/N) ratios. Finally, we provide a comparison of
the ground state heavy-hole exciton binding energies of the conventional P-based
and Al-based lasers with that of the novel laser material system of N-based lasers.

The band alignment for the nitrogen free system is derived from the Har-
rison model [99] and the nitrogen including system from the model solid theory
[41]. The used parameters for the quaternary compounds are obtained by the

linear interpolation method {30].
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7.2 Theoretical Model

Leavitt and Little [147] presented a simple method for calculating exciton
binding energies in quantum-confined structures neglecting valance-band mix-
ings. The main result obtained in their paper is an expression for the exciton
binding energy as the integral of a prescribed function, using five numerical pa-
rameters, weighted by the electron and hole subband envelope functions. In
these approach, because details of the structure are included only through the
subband envelope functions, the method can be applied to a wide variety of
structures in which the exciton can be associated with a specific pair of elec-
tron and hole subbands. This approach is further simplified and generalized by
means of a fully analytical method, free of any adjustable parameter by Mathiue
et al [150]. In order to investigate the band offset dependence of excitons in
GalnNAs/GaAs quantum wells, we first review the analytical model of Math-
iue et al in this section. The method of Mathiue et al [150] uses the model of
fractional-dimensional space already employed to study Wannier-Mott excitons
in anisotropic solids [148]. The excitons in an anisotropic solid, like a quantum
well, are treated as the ones in aﬂ isotropic fractional-dimensional space, where
the dimension is determined by the degree of anisotropy. Such a space, termed
dynamic space, differs from the one that embeds geometric bodies in that its di-
mensionality is determined by the physical interactions. Concerning the excitons
in quantum-well structure, the question is what the spatial dimension a which
measures the anisotropy of the electron-hole interaction. Knowing «, the model
enables one to study exciton binding energy continuously from three-dimensional
(3D) to 2D or 1D structures. By using this model, He {148] calculated the exciton
bound-state energies and wave functions as a function of spatial dimension o by
solving a simple hydrogenic Schrodinger equation in an aD space. The discrete
bound-state energies and orbital radii are given by

Exq

m, (7.1)
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—3\2
a, = ao(n+ 9—2——) s (72)

where n=1,2,3... is the principal quantum number, Ey and ag are, respectively,

the effective Rydberg constant and effective Bohr radius,

Bo = (2) ()R (7.3)
and
%=«§x%mm. (7.4)

Ry and ay are the Rydberg constant and Bohr radius, respectively. mg is the

free electron mass, u is the exciton in-plane reduced mass. According to Eqn.

(7.1), the binding energy of the 1s exciton is given by

B, = EO[ 2 1]2, (7.5)

a J—
a = 3,2, or 1 give, respectively E, = Ey, 4Ey or oo corresponding to the well-

known results of the integer-dimension models. In a real quantum-well structure,
a changes continuously between 3 and 2. As the well width decreases, both elec-
tron and hole envelope functions become compressed, the Coulomb attraction
between the electron and the hole becomes anisotropic and the fractional dimen-
sion a decreases from 3 toward 2. For very narrow wells, the envelope functions
spread into the barriers, their spatial extents actually begin to increase as the well
width decreases. Consequently « does not lead to 2, but has a minimum value
corresponding to onset of this spreading. Thus the main problem is to define the
fractional dimension «, which describes the degree of anisotropy of the electron-
hole interaction. This parameter should be related to a quantity which accounts
for the spatial extension of this interaction. A possible choice is to express « is in
terms of the average electron-hole distance in the quantum-confinement direction

(z direction). In this way, the pertinent dimensionless parameter is written as

§= <|i;il> = [T (B2 e ddeda (7.6)

ap ag
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where ;zf and f:z,zl is the electron (hole) envelope function corresponding to the

p'*(g**) electron (hole) quantum level. aq is the three dimensional effective Bohr
radius. It should be noted that ag has been included under the integral sign since,
in finite quantum wells, it depends on the distributions of the envelope functions
between the well and the barrier materials. Then the fractional dimension « is
related to the reduced average electron-hole distance 4 by a simple exponential

law like

a=3—¢e? (7.7)
with § — oo corresponds to the three dimensional case (¢« = 3), and § = 0

corresponds to the two dimensional case (a = 2).

In finite quantum wells, it is known that as the well width decreases below a
given value, the envelope functions spread into the barriers. Then, the spreadings
of the electron and/or hole inside the barrier material partially restore the three-
dimensional character of the exciton. Consequently the fractional dimension «
does not lead to 2 as the well width becomes very small, but should come back
to 3 and must be expressed as a function of this spreading. Let us briefly recall
the one-dimensional motion of a particle (electron-hole), of effective mass m in
a square quantum-well characterized by a well depth V and a well width L,. By
taking the bottom of the well as the zero of the energy, the bound state energies
Ep of the particle are given by the well-known trancendental equation which

may be written

: K

k,L, = pr — 2arcsin [ — ] (7.8)

My o m—lg_

b w

where the characteristic wave vectors k,, and k; are given by
k 2w 7.9
w= =" (7.9)
2my(V — E.

o LoV E) -

m,, and m, are the effective masses of the particle in the well and barrier ma-
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terials, respectively. Inside and outside the quantum well, the z motion of the

particle is describéd by the respective envelope functions of
Cwz = Asin (kyz + ¢) (7.11)

oz = Beltks?) (7.12)
In a finite quantum well, the pertinent parameter is written as Q%L where L} and
0

ay have the corresponding meanings in the finite well. L} should be represent
the spatial extension of the particle motion in the z direction; then, taking into
account the spreading into the barriers on both sides of the well, L} may be
written as

1 1

A=E+L+E (7.13)

where k, is given by the solution of Eqn. (7.8). Now concerning the electron-hole

pair, the electron and hole spreadings into the barriers are to be combined to
define a length characteristics of the z motion of the electron hole pair. Here the
question is when the electron and hole spreading very different, which of the two
carriers rules the pair motion with-regard to the well potential. Before answering
that question, it must be noted that, with regard to the only square-well poten-
tial, there is no electron-hole interaction to take into account. As a result, when
the electron and hole spreading are very different, the more localized particle
partially restores a 3D character to the electron hole distance, or equivalently,
to the center-of-mass motion. Consequently the spreading of the pair into the

barriers may be written as
1 1 1

[ T 7.14
ky ke kon (7.14)

where kg and kg, are given by the solution of Eqn. (7.8), the electron and hole
wave vectors in barrier materials. The characteristic length of the motion of the

electron-hole pair with regard to the quantum-well effect will be written

=241, (7.15)
ky
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Concerning the length characteristic of the Coulomb interaction, it is noted

that the 3D effective Bohr radius ay varies with the position-dependent effec-
tive masses and dielectric constant. In order to account for the effective-mass

mismatch between the well and barrier materials, two weighting parameters G,

and 3, as
L, L,
ﬂe = 2 + Lz, Bh = 2 -+ L: (7.16)

By using these parameters, mean values for the electron effective-mass and

valance-band parameters can be defined, as

m: = 'Bemew + (1 - ﬂemeb) (717)
Y1 = Brvw + (1 = Br)mes, (7.18)
¥ = Bry2w + (1 = Br)yas. (7.19)

Then the mean value of the 3D Bohr radius which is the characteristic length of

the Coulomb interaction can be written as

%= (D)0

) an (7.20)

where p* is the mean value of the 3D reduced mass of the exciton,which is given

by [149]
— =4 (7.21)

The dimensionless pertinent parameter for the finite quantum well is then given

by f(—f and the fractional dimension « is
0

L (2 + L)
a = 3—-exp(—a€) = 3-—exp(———2a3—) (7.22)

By using Eqn.(7.5) together with Eqn.(7.22), the binding energy of the confined

exciton in a finite quantum well can be written, without any adjustable param-

eter, as
Iy
Eg

_ 2/kb+Lz

E, = A 5
(1 3 exp(— 2ok

(7.23)
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where Ej is the mean value of the effective Rydberg energy for the 3D exciton.

In a two dimensional system the anisotropy is stronger. In the present
analytical model, however, it seems very difficult to include more accurate sub-
band dispersions. However, an alternative method can be used considering an
a dimensional system an interpolation in between the two limiting cases [150].
Then in order to take into account both the spreading of the wave functions into
the barriers and the a dependent in-plane effective-masses, £ in Eqn. (7.23) is

calculated by using the following expressions for the reduced masses [150] of

1 1

— = + 97+ (3 - a)y, 7.24

Hhn — Me ! 2 ( )
L _ 1 +7 -8 —-a)y; (7.25)

J13/3 mk ! 2 ’

where m?, v, 3 are given by Eqns. (7.17), (7.18), (7.19). Equation (7.23)

permits us to calculate the exciton binding energy for different pairs of confined
states e, — h, after the calculation of the energies of the corresponding electron
and hole states given by Eqn. (7.8). Moreover, with « given by Eqn. (7.22), it
is possible to calculate the excited-state energies of the exciton (n)1) by using
Eqn. (7.1) [150].

It must be noted that the light-and heavy-hole exciton binding energies
converge to the same value as the well width becomes very large. This results
from the a-dependent in-plane reduced masses given by Egs. (7.24), (7.25).
As an application, let us consider the electron heavy hole el-hhl and el-lhl
ground state transitions. The spatial extensioq k; ! is a crucial ingredient of the
calculation. The value k, can be extracted from the resolution of Eqn. (7.8),
which provides the values of the confinement energies of the el electron and
hhl (lh1) hole. This method allows us to obtain a fully analytical method for
computing the binding energies of the ground state excitons, by direct application

of Eqn. (7.16) [150].
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7.3 Binding energy calculations and discus-

sions

We have reviewed the simple method of Mathiue et al [150] for calcu-

lating exciton binding energies in quantum-confined semiconductor structures.

The aim of the model calculation, which is developed in the framework of the

fractional-dimensional space, is not to compete with the very advanced ones

already proposed, but, on the contrary, to avoid tedious and expensive calcula-

tions, to obtain, with good accuracy, the exciton binding energy in most of the

confined structures where the exciton can be associated with a specific pair of

electron and hole subbands. The main result is an analytical expression for the

exciton binding energy, free of any adjustable parameter.
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Figure 7.1: The plot of in-plane reduced mass versus nitrogen concentration in
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(In/N) 0. AE,(eV) | AE,(eV)
(0.46/0) 0.527 | 0.299 0.268
(0.50/0.011) | 519 0.303 0.281
(0.40/0.017) | 0.620 | 0.355 0.218
(0.33/0.021) | 0.696 | 0.397 0.173
(0.30/0.022) [ 0.725 | 0.408 0.155
(0.20/0.026) | 0.833 | 0.460 0.093

Table 7.1: The calculated band offset ratio and the valence- and conduction-band
offsets for different In/N ratios in 1.3 um Gay_,In,NyAs,_, /GaAs quantum well
laser structures.

7.3.1 Nitrogen concentration dependence of binding
energy

This subsection provides an understanding of variation of exciton binding
energy in Gay_In,N,As,_, laser material system with N concentration. It has
been stated by Ryczko et al [146] that the binding energy of the ground state
heavy-hole exciton in Ga;_,In,N,As,_, / GaAs increases both with increasing
indium and nitrogen concentrations. They have calculated the exciton binding
energy by variational envelope function procedure using simple two-band model,
including strains and difference in dielectric constants between well and barrier
materials. They have taken a constant conduction band offset of 80 % of the total
discontinuity between the bandgap of GaAs and Gay_;In;NyAs;—, grown on
GaAs for all concentrations. In this chapter, we calculate the corresponding band
offset of Gay_zIn;NyAs;_, / GaAs layer for the chosen x/y ratios and therefore
include the effect of band offsets into exciton binding energy. We calculate the
binding energy of ground state heavy hole exciton according to Eqn. (7.23).
The variation of binding energy E}, depends on the variations of E}, L,, ks,
and aj with nitrogen alloy concentration. Eg is the mean value of the effective
Rydberg energy for the three dimensional exciton and it is related to the in-plane
effective mass of holes of which increases with increasing N alloy concentration in
GaggrIng13NyAs_y as illustrated in Fig. 7.1. Therefore, the effective Rydberg

energy Ej increases with increasing nitrogen concentration. An increase in the
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mean value of the three dimensional reduced exciton mass is also calculated with
an increase in nitrogen alloy concentration, as also illustrated in Fig. 7.1. It
can be noted from this figure that alloying with nitrogen provides a closer match
between the valence- and conduction-band effective masses in III-N-V systems.
On the other hand, the mean value of the effective Bohr radius aj which is given

by Eqn. (7.20) decreases with increasing nitrogen alloy concentration.
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Figure 7.2: The calculated conduction- and valence-band offsets.

The band-offsets in III-N-V alloys greatly depends on the nitrogen con-
centration. As shown in Fig. 7.2, conduction band offset increases whereas
valence band offset decreases with increasing nitrogen concentration. In addi-
tion, the incorporation of several percent of nitrogen in In,Ga;_.As alloy in-
creases both the conduction- and valence-band offsets [3]. Therefore, the band
offsets of GaggrIng.13NoosASe.95/GaAs quantum well is greater than that of the
Ing13Gags7As/GaAs. This leads to a stronger confinement in Ga,_;In.NyAs;_,
/ GaAs laser system. All these combine and results an enhanced exciton bind-
ing energy in GagsrIng.13NoosAsogs / GaAs quantum well compared to that of
the Ing13GapgrAs / GaAs quantum well for the whole range of well width, see

Fig. 7.3. These variations of the corresponding heavy-hole exciton binding en-
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Figure 7.3: Binding energy of ground state heavy hole exciton in quantum wells:

Gaggring.13As / GaAs (doted line) and Gaosr/no.13NposASoes / GaAs (solid
line).

ergy with and without nitrogen alloy concentration clearly determines the effect
of the nitrogen alloy concentration on heavy-hole exciton binding energy. The
curves represent the results obtained by using only one conduction and one va-
lence subband (two band approximation). These results include the dielectric
mismatch. First, the binding energy increases as the well width is reduced until
it reaches a maximum value, after since it drops. The reason for this behaviour
has been explained by Green et al. [129]. As the well width is reduced, the exci-
ton wave function is compressed in the quantum well. However, beyond a certain
value of the well width, the part of the wave function in well layer becomes more

important and this makes the binding energy approaches to the bulk value.

7.3.2 In/N ratio dependence of binding energy

Gai—zInyNyAs,_,/GaAs layer system can be effectively used as a 1.3 um
emitter varying In/N ratio as stated in Chapter 5. We have also concluded that

the route of the high In and low N must be followed due to the favorable band
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Figure 7.4: The variation of the effective mass of the electron and in-plane heavy-
hole mass with In/N ratio.

alignment, better matching of the effective masses. smaller transparency carrier
density, higher peak and differential gain and lower spontaneous emission factor.
Now, in order to predict the optimal In/N ratio of 1.3 pm Gai_ In,NyAs;_y
laser system from the exciton binding energy point of view, we calculate the
binding energies for the five model Ga;-;In,NyAs,_, /GaAs quantum well laser
structures for different x/y (In/N) ratios. Table 7.1 tabulates the band offset
ratio and the corresponding valence- and conduction-band offsets of different
In/N ratios in 1.3 um Gay_zInyNyAs,_, /GaAs quantum well laser structures.
As can be seen from Table 7.1 that the optimal route is to follow high In and low N
in order to effectively confine the carriers into the conduction and valence bands.
We also investigate the variation of the effective mass of the electron and in-plane
heavy-hole mass with In/N ratio. This is illustrated in Fig. 7.4 in which their
corresponding values increases with increasing nitrogen concentration. Finally,
the comparison of the ground state heavy-hole exciton binding energy for the five
model 1.3 um Gay—_zIn,NyAs,_, /GaAs quantum well laser structures is shown

in Fig. 7.5. This variation indicates that the route of the low In/high N route is
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favourable from the exciton binding energy point of view since the binding energy

increases with increasing N and decreasing indium in 1.3 pym Gay_ In,NyAs,_,

/GaAs quantum well laser structures.
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Figure 7.5: The comparison of the ground state heavy-hole exciton binding en-
ergy for the five model 1.3 ym Gay- In,NyAs,_, /GaAs quantum well laser
structures.

7.3.3 Comparison of the binding energy of N-based

lasers with that of the P- and Al-based lasers

We now want to compare the exciton binding energies of conventional P-
based and Al-based lasers with that of the novel laser material system of N-based
lasers. We consider three different laser structures operating around 1.3 gm wave-
length for comparison. The first type of device studied is P-based lasers which
consists of unstrained Gag s3In.67FPo.28 Aso.72/ Gao.11m0.9FP0.78Asp.22/InP quantum
wells. The second type of device is Al-based structures with Al 175Gag.095I10.73As
| Alg27GagayIngsyAs |/ InP lasers structure parameters and the well is 1.4 %
compressively strained. The third type of device is N-based lasers with 1.7 %

compressively strained Gag7Ing3Ngg22ASe00s QWs between GaAs barriers and
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Aly1GaggAs cladding layers. The quantum well thickness and cavity length in

all structures is taken as 6 nm and 610 um, respectively.

14 5

—— N-based
i P-based
IR SRR Al-based

12

10

Binding Energy (meV)

Well width (nm)

Figure 7.6: The calculated values of the ground state heavy-hole exciton binding
energies as a function of well width is shown in for the three different laser
structures.

Table 7.2 illustrates the calculated values of effective masses and the va-
lence and conduction band offsets for the three laser structures operating around
1.3 pm wavelength. As can be seen from this table N-based lasers exhibits ideal
band offset values and better matching of the effective masses than those of the

Al-based and P-based lasers. P-based laser parameters seem the worst one.

P-Based Al- Based N-Based
Well Ing 33Gage7Aso72Po.os | InoraGagoes Aloars As | GagrIng 3Ny Asg.ors
Barrier Ing1Gag9Asgar P73 Ings50Gaga1 Alp.ar As GaAs
me(m,) 0.0852 0.0516 0.0792
M (M) 0.0569 0.0445 0.0683
AE, 0.149 0.225 0.447
AE, 0.169 0.091 0.116

Table 7.2: The tabulated values of the effective masses and the valence and
conduction band offsets for the P-based, Al-based and N-based laser structures.
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The calculated values of the ground state heavy-hole exciton binding ener-

gies as a function of well width is shown in Fig. 7.6 for the three different laser
structures. As can be seen from Fig. 7.6 P-based lasers has the highest binding
energies which is followed by N-based lasers. On the other hand, Al-based lasers

have the smallest binding energies for the whole range of well widths.

7.4 Conclusions

Although the use of the variational technique to obtain the binding energies
enables more accurate results, it is tedious. We use the simple method of Math-
ieu et al [150] in order to avoid these tedious calculations, but, on the contrary
to obtain the binding energies with good accuracy. It is not our intention in this
study to draw any quantitative conclusions relative to the experiment. Therefore,
the use of this analytical method proposed by Mathieu et al [150] is adequate
to investigate the excitonic properties in III-V and III-N-V quantum wells. The
binding energy of the ground state heavy hole exciton in Ga;_,I NgNyAsi_y /
GaAs was seen to be greater than that of the In,Ga;_,As / GaAs quantum
wells. In addition, an enhancement of the exciton binding energy of the ground
state heavy hole exciton was also calculated with increasing nitrogen alloy con-
centration in Ga,_;In,NyAs,_,/GaAs quantum wells. The close examination
of the band-offsets and the corresponding exciton binding energies for 1.3 um
Gai-zIny;NyAs,_, / GaAs lasers with different In/N ratios reveals the fact that
the route of low In/high N must be followed to get higher binding energies.
Finally, we conclude that P-based laser is the ideal laser system from exciton
binding energy point of view. N-based lasers have intermediate exciton binding

energy values.
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Chapter 8

Conclusions and Future work

The work carried out in this thesis considered the effects of alloying, pres-
sure and doping on the properties of III-V and III-N-V quantum well lasers for
long wavelength emission. In the result part of related chapters appropriate
conclusions have already been presented. However, it is useful in this chapter
to briefly summarize and gather together the major conclusions from the work
described in this thesis.

GalnNAs/GaAs lasers has the following several unique features. A better
high temperature performance of the laser structures is achieved due to a larger
conduction band offset and, thus, improved electron confinement and decreased
electron spill out at room temperature and above. 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, GalnNAs gives the flexibility of tailoring in the bandgap and an in-
crease in the lattice parameter. Hence GalnNAs 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). Therefore, nitrogen containing I1I-V
ternary and quaternary alloys represent a novel material system which has the
mentioned exciting physical properties and a great potential for many applica-
tions in optoelectronic and photonics. By far the most studied and the best

understood are the GalnNAs alloys with low nitrogen composition, where im-
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pressive progress in the material growth and device fabrication has been achieved
within a very short period of time. To secure the full exploration of the alloy po-
tential for device applications, comprehensive studies of the basic band structure
and the recombination processes in the materials have been undertaken. The
majority of the discovered fundamental physical properties can be refereed to as
unusual and fascinating. These include the giant bowing in the bandgap energy,
the appearance of the E_ and E subbands in the conduction band. a sublinear
pressure dependence of the bandgap energy, a strong increase of the electron ef-
fective mass with decreasing bandgap energy (increasing nitrogen composition),
etc.

Theoretical calculations have been presented to compare the band align-
ments of InGaAs/GaAs and GalnNAs/GaAs laser devices. It has been shown
that model solid theory can be used to calculate the band alignment of Galn-
NAs/GaAs laser device where only experimental data available to date. The
investigation of the band alignments with and without nitrogen confirms that
the ideal band alignment of GalnNAs offer the N-based laser system as an ideal
candidate for high temperature operation.

A comparative study of the three competing laser materials, namely In-
GaAsP/InP, AlGalnAs/InP, and InGaNAs/GaAs has been undertaken, for the
first time, involving threshold characteristics with pressure. Our theoretical
study investigates the factors that influence the material gain performance, the
threshold characteristics and the pressure dependencies of each of the laser sys-
tems. We find that AlGalnAs and InGaNAs active layer materials have sub-
stantially better material gain performance than the commonly used InGaAsP
at room temperature. Both radiative and non-radiative current contributions
for laser systems are compared using basic equations which makes our analysis
particularly attractive owing to its simplicity and ability to predict the main
effects involved. We have found that the estimated variation of phonon-assisted

Auger rates with pressure in N-based system has a slower decrease than that of
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the other two laser systems. The threshold carrier density ny, in N-based system
increases with pressure whereas it decreases in Al- and P-based laser systems.
This\ opposite variation changes the overall behavior of the threshold current
in these three competing laser systems. Our theoretical calculations indicate a
significant increase of the radiative to non-radiative recombination current in N-
based laser system. This result highlights the intrinsic superiority of the N-based
laser system.

In this thesis we have also presented that the type of the doping has an
opposite effect on nitride systems compared to an equivalent nitride-free system.
This is another unusual physical property of nitrogen containing alloys due to the
nitrogen-induced modifications of the conduction band structure. In conclusion,
although the addition of nitrogen into III-V systems increases the transparency
carrier density n-, this disadvantage can be eliminated by means of n- and p-
type doping. Especially, p-type doping is more effective to lower transparency
carrier density n; than that of the n-type doping in a nitride system. On the
other hand, n-type doping is more effective in increasing gain in nitride system.
Our calculations confirm that n-type doping is effective to reduce transparency
carrier density n;. whereas p-type doping is effective to increase peak gain in
a nitride free system. As an overall, our theoretical investigation reveals the
fact that n-and p-type doping have also an unusual, i.e. reverse effect on the
band parameters of nitride systems compared to that of the III-V systems. p-
type modulation doping of III-N-V quantum well active layers may have certain
benefits to lasers in nitride systems.

The theoretical potential advantage of doped Ga;_In,NyAs;_, / GaAs
quantum wells for 1.3 um laser emission is studied. By means of considering
different x/y concentrations, we present the influence of doping on transparency
carrier density, gain properties and spontaneous emission factor of 1.3 yum emis-
sion Gaj_zInyNyAs;_, strained quantum wells and compare with an equivalent

N-free 1.3 um In,Ga,_.As / GaAs laser structure. This study provides useful
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information for the optimazition of doped Ga;_, I nzNyAs;_, / GaAs on the basis
of 1.3 pm emission wavelength.

We have shown that the Coulomb interaction between injected electrons
and holes must be taken into account to have a comprehensive gain model. It has
been calculated that the consideration of this Coulombic interaction enhances the
linear gain greatly. We have also seen that the magnitude of the enhancement
depends on the carrier density.

Finally, a detailed analysis of exciton binding energy in III-V and III-
N-V alloys revealed the following facts. The ground state exciton binding en-
ergy of III-N-V laser system is greater than III-V laser system and binding en-
ergy increases with increasing N concentration. The higher binding energies
are obtained by means of keeping the In concentration as low as possible and
N concentration as high as possible to get 1.3 um emission wavelengths using
Gay_In,NyAs,_, / GaAs laser system. From the exciton binding energy of
view, P-based lasers display highest binding energies. N-based lasers follows
P-based lasers. In addition, Al-based lasers have the smallest binding energies.

It is known that strained heterostructures made from III-V zinc blende type
semiconductors grown along (111) orientation can exhibit novel characteristics
due to the piezoelectric effect. This effect, vanishes for (001) orientation, can
generate built-in internal fields, and thus modify the electronic structure and
optical properties of (111) strained heterostructures. The effects of the growth
orientation on gain, critical thickness and threshold current is investigated for
III-V semiconductors,but it is still unknown for III-N-V semiconductors up to our
knowledge. Therefore, we want to examine these growth orientation dependent
parameters in III-N-V semiconductors and obtain the variations as a function of

nitrogen concentration, as a future work.
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