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ABSTRACT

A theoretical search on the effects of nitrogen and aluminium on band offset of
GaNyAsyP1.xy/AlyGa; P material system.

TEMIiZ, Mehmet
M.Sc. in Physics Engineering
Supervisor: Prof. Dr. Besire GONUL

January 2013, 26 pages

We present a theoretical investigation of the effect of nitrogen concentration in well
and aluminum concentration in barrier on band offsets of newly proposed
GaNyAsyP1xy/GaP and GaNyAsyPix./Al,Ga;,P type | quantum well (QW) laser
systems by means of using model Solid Theory and band anti-crossing model. We
have calculated that the presence of nitrogen and aluminum improves the band

alignment of the proposed novel material systems.

Key words: Band alignment and band offset, band anti-crossing model, type |

quantum well.



OZET

GaNyAs,P1.xy/AlxGa; P materyal sisteminde Nitrojen ve Aliminyum’un band offset
tizerine etkilerinin teorik arastirilmasi.

TEMIZ, Mehmet
Yiiksek Lisans Tezi, Fizik Miih. BoLimii
Tez Yoneticisi: Prof. Dr. Besire GONUL

Ocak 2013, 26 sayfa

Yeni Onerilen GaNyAsyPix/Al,Ga;,P kuvantum kuyu lazer sistemlerinde kuyu
icerisindeki nitrojen ve bariyer igerisindeki aliminyumun band yonelimi iizerine olan
etkilerinin Model Solid Theory ve Band anti-crossing modeli kullanarak teorik
olarak arastirilip, sunuldu. Nitrojen ve aliiminyumun yeni Onerilen GaNyxASyPi.x.

y/Al,Ga;.; kuvantum kuyu lazer sisteminin band yonelimine katki sagladigi goriildii.

Anahtar kelimeler: Band yonelimi ve band offset, band anticrossing modeli, tip 1

kuvantum kuyusu.
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CHAPTER 1

INTRODUCTION

Semiconductors are so important for device applications of electronics and
optoelectronics in technology. After the possibility of alloying, different
semiconductor alloys could be produced which have new fundamental and electronic
properties For example, GaAs and AlAs lattice matched binary semiconductors can
be alloyed and one can produced AlGaAs which has different characteristics from
GaAs and AlAs [1].

Alloying semiconductors with large size-mismatched atoms induces unusual
electronic properties that can be exploited in a range of otherwise unavailable
applications, such as long wavelength lasers and high performance solar cells (SC)
[2]. In recent years, prominent physical and technical attention has been paid to the
study of dilute nitride I11-V alloys, owing to their potential optoelectronic
applications devices and their unique N-induced physical properties. In 1lI-V
semiconductors, the replacement of a few percent of the group V element by small,
highly electronegative and isoelectronic nitrogen atoms results in a dramatic
reduction of fundamental band gap of approximately 100 meV per atomic percent of
nitrogen. This enables the band gap of the resulting dilute 111-V nitride alloys to be
tuned to particular energies for optoelectronic applications by changing the nitrogen
content. Since only small amounts of nitrogen are required to produce large changes
in the band gap, the material, enabling high quality alloys to be grown epitaxially and
incorporated into the existing optoelectronic infrastructure. It is known that nitrogen
is an isovalent impurity which differs unmatched in size and electronegativity from
other group V elements [3]. If the nitrogen impurity states lie resonantly in the

conduction band a strong red shift of the fundamental band gap occurs.



The anticrossing interaction between localized nitrogen states and the extended states
of the semiconductor matrix splits the conduction band into two subbands: E. and E-
[3, 4]. The lower E_subband determines the fundamental band gap. The anti-
crossing behaviour has opened a wide possibility for the fabrication of long
wavelength lasers and light emitting diodes (LED) in the 1.3—1.55 pm range using
(Galn)(NAs) on GaAs substrate [5]. Band-gap engineering is achieved in these alloys

by incorporating a small amount of nitrogen.

During the past decade, dilute nitrides, particularly the quaternary material system of
I11-N-V have attracted a great deal of attention, both because of unusual physical
properties and potential applications in a variety of optoelectronic devices.

The dominance of silicon as a low cost material for electronic circuit applications has
led to a desire to combine the advantages of optical data processing with the mature
silicon microelectronics technology [6]. This merging of technologies is essential to
keep up with the ever increasing need for bandwidth in optical inter- and intra-chip
connections [7]. The significance of this emerging technology has made it an active
area of investigation within both the industrial [8-10] and academic sectors [11-13].
However, the key challenge using silicon as a monolithic integration platform is the
lack of a silicon based laser. The indirect band gap of silicon causes inefficient light
emission. On the other hand, the large lattice mismatch between silicon and
conventional 111/V laser materials like GaAs[14-15] or InP[16] leads to difficulties in
growing defect-free or threading dislocation free laser materials on silicon substrates.
The quaternary dilute nitride GaNAsPmaterial shows a direct electronic bandgap,
efficient optical gain [17], and a lattice constant similar to that of silicon, [18] and is
promising for the lattice-matched growth of lasers based upon this material on silicon

substrate.

There are many studies on I11-N-V alloys on GaAs and InP substrates, there has been
no paper published yet, up to our knowledge, explaining the band alignment of 111-N-
V alloys on GaP and Si substrates. There is an increasing interest towards novel
quaternary dilute nitride Ga(NAsP)/GaP as a promising laser material system due to
their direct electronic bandgap for the As-rich regime. In this thesis study, we

therefore aim to reveal the band alignment of novel direct band gap material dilute N-
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containing GaAsP semiconductor alloys on GaP substrates as a function of nitrogen
concentration. We also try to investigate the corresponding variations in the band
alignment of novel material system of Ga(NAsP) with Al,Ga;.,P barriers as a
function of Al concentration.

1.1 Thesis Outline

Chapter 1 provides a brief introduction to the material system under investigation.
This chapter also emphasize the importance of these newly proposed material system
of GaNyxAsyPi.xy well with GaP or AliGa;.xP barriers on GaP and hence on Si

substrates.

We gave brief description of the theories used in calculations like model solid theory,
band anti crossing model and interpolation method in chapter 2. The band structure
and material parameters which are used throughout the thesis for 111-V nitride QW

laser systems are also provided.

Chapter 3 presents the calculated results of the band alignment of GaNyAsyP1.x.y well
with GaP or Al,Ga;_«P barriers on GaP and hence on Si substrates. A brief discussions

of the obtained results are also provided.

Finally, chapter 4 summarizes the concluding remarks and future work.



CHAPTER 2

THEORETICAL MODELS OF BAND STRUCTURE

The aim of this chapter is to describe and express several models, which are related
to the band structure properties and material parameters of the QW laser system.

2.1 Theoretical Models

Atheoretical model is a theory designed to explain an entire situation or behaviour,
with the idea that it would eventually be able to predict that behaviour.

2.1.1 Material parameters

In theoretical model’s calculations, material parameters have a significant mission.
Linear interpolation is employed to calculate the lattice constant, effective masses,
elastic stiffness constants and strain-related parameters of the conventional ternary
and quaternary materials. [19].The constant values of the related binary alloys are
tabulated in table 2.1.

Band structure material parameters are the most important commonly measured and

calculated ones and they include [19]:

I.  Direct and indirect energy gap.
I1.  Crystal-field splitting for nitrides
[11.  Spin-orbit splitting.

IV.  Luttinger parameters and split-off hole mass.



V.  Electron effective mass.Conduction and valence band deformation potentials
that account for strain effects.

VI.  Band offsets on an absolute scale which allows the band alignments between
any combinations of materials to be determined.

Table 2.1:Binary alloy parameters for band structure calculations [20 - 22].

Material GaAs | GaN | GaP | AIP
Lattice Constant, 5.6533 | 4.5 5.450 | 5.467
ao(A)

Energy gap, 1.424 3.299 | 2.76 3.63
Eq(eV)

Spin-orbit Splitting, 0.34 0.017 | 0.08 0.07
Ay(eV)

Hydrostatic deformation | -7.17 -6.71 | -8.2 -5.7
potential for CB, a. (eV)

Hydrostatic deformation | -1.16 -0.69 | -17 -3.0

potential for VB, a,
(eV)

Elasti Stiffness Constant, | 1221.0 | 293.0 | 1405 1330.0
C11 (GPa)
Elasti Stiffness Constant, | 566.0 159.0 | 620.3 | 630.0
C1, (GPa)
Deformation Potential, b | -2.0 -2.0 -1.6 -1.5
(eV)

Eyav -6.92 0.0 -7.40 -8.09

2.1.2 Band Anti-crossing model

Although conventional semiconductors have the tendency of increasing band

gap energy with decreasing lattice constant, in the Il1I-N-V system there is a
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striking reduction in fundamental band gap energy and a huge increase in
electron effective mass. Shan et al [23] have shown that these unconventional
behaviours can be quite well understood within a simple Band Anti-crossing
(BAC) model.

The proposed model has specificimportance since, despite its plainness, it
manages to explain the basic properties of the material and to provide
analytical expressions, such as conduction band edge dispersion relations and
electron effective mass. The BAC has been successfully used to define the
dependences of the wupper and lower subband energies on nitrogen
concentration. The model is based upon the interaction of the lowest conduction
band with the highly localized N-induced energy level E.

2.5 1 1
& 207
B,
>
=]
'cl—) Nitrogen
c — W
W 1.5~
Increasing
o,
1.0 Al T

15 -10 -05 00 05 10 15
-1
K,or K (nm)

Figure 2.1: Representation in k-space of the band anti-crossing effects on the

nitrogen level and GaAs conduction band [24].

It has been shown that an anti-crossing interaction of the localized N states with the
extended state of GaAs, see Fig. 2.1, or GalnAs leads to a characteristic splitting of
the conduction band into two non-parabolic subbands[23].

Therelationbetween the extended conduction states of the matrix semiconductor (i.e.
GaAs is matrix semiconductor for GaNsAs;x alloy) and the localized N states is

treated as a perturbation which leads to the following eigenvalue problem



E-E, -V
‘ M MN (21)

Vi E-E,

where EM is the conduction states of the matrix semiconductor, EN is the

localized nitrogen state energy (relative to the top of the valence band) and
Vmn is the matrix element describing the interaction between these two states.
Incorporation of the interaction represented by the matrix element Vyy leads to a
mixing and anti-crossing of these states [25] equal to;

Vim =Cun Y (2.2)

where CMN is the coupling constant and y is the N composition. The solution

to this eigenvalue problem gives us the dispersion relation

By +Ey £4(Ey —Ey )’ + 4V,
B 2

(2.3)

H+

1.5 — — — ——

GaAs, N, @295K

Energy gap (eV)
™

® Uesugi, et. al.
o Keyes, et. al.
A Malikova, et. al.
a Bhat, et, al.
— BAC theory

L1 N AR | M TP
0.01 0.02 0.03 0.04 0.05
Mitrogen fraction, x

Figure 2.2: Comparison between the experimentally observed and calculated band-

gap reduction of GaNAs;.x as a function of N concentration [26].

The predicted splitting of the conduction band into subbands has been
confirmed experimentally as can be seen from the Fig. 2.2 [26]. The BAC model
provides simple analytic expressions for the conduction band dispersion as a
function of N concentration and allows to calculate, for example, the strength
of the optical transitions [27] in bulk materials and the transition energies between

electronic states in quantum wells or the gain in laser structures [28].



2.1.3 Model Solid Theory for unstrained semiconductors

The model-solid theory was first proposed by van de Walle and Martin [29-
31], followed by others [32-34] to calculate strain effects on the band lineups.
The relative band alignment of the band edges between quantum well and
barrier is the total band discontinuity distributed over the conduction and
valence bands, AE; and AE,, respectively. The band discontinuity depends on the
semiconductors and the amount of mismatch strain at the interface.According to Van
de Walle’s model solid theory [29], the band offset ratio for conduction and valence
band, Qcy , is determined by discontinuity fractions of AE/AEq . The energy of
the potential barrier, AEq is determined from the difference between the bulk bandgap
energy of the barrier layers and the strained bandgap energy of the active layer.

If material A and B have the same lattice constants, we may have an ideal
heterojunction and there is no strain in the semiconductors. For this case, the

heavy hole and light-hole band edges (EHH and ELH) are degenerate at the

zone center, and their energy position is denoted as E :

v
(2.4)
where A is the spin-orbit splitting energy, and the spin-orbit split-off band
edge energy E is
SO

ESO = Ev —A= Ev,av _Z?A (25)

The conduction band edge is obtained by adding the band-gap energy Eg to Ev :

E, =E, +E, (2.6)

Note that in the model-solid theory, the spin-orbit splitting energy A and the band
gap energy Eq are taken from experimental results. The band lineups between

materials A and B are shown in Fig.2.3.
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Figure 2.3: Band lineups between materials A and B in model solid theory [20].

The band gapdifference is

A B
AE, =E}—E! 2.7)

9

and the band-edge discontinuities are

AEv = EVB - EvA (28)
AE, =E*—EP (2.9)
AE, = AE, +AE, (2.10)

The band offsets ratios of the band-edge discontinuities for conduction and

valance bands, respectively,

Q. =", (2.11)
Q, ="/, (2.12)



2.1.4 Model Solid Theory for strained semiconductors

The band discontinuity depends on the semiconductors and the amount of mismatch
strain at the interface. According to Van de Walle’s model solid theory [29] the
energy of the potential barrier, AEg, is determined from the difference between the
bulk band gap energy of the barrier layers and the strained band gapenergy of
the active layer.

The conduction band position can be calculated by simply adding the strained
bandgap energy to the valence band position. The unstrained valence band-edge of
the active region material is set as the reference energy of zero. The valence band
position is given by

vav(X y)+ A (3 y) +5Ehh(xi y)
E, (X, y)= (2.13)
vav(X y)+ A (3 y) +5E|h(X, y)

whereE, av(x, y) is the average valence subband energy and AO is the spin-orbit split-

off band energy.
The conduction band is shifted by the energy dE(X, Y)

OE.(X,y) = 2ac(l—%)g (2.14)

11

-a, . : . : :
©with a, is the lattice constant of the substrate and a, is the lattice
a

e

a
where ¢ = =

constant of the well material. The valence bands are shifted by energy, dEnn(X, Yy) and
5E|h(X, y)

5Ehh (X1 y) = _Pg - Qg (215)
5Elh (X1 y) = _Pg + Qg (216)
where
P :-z|av|(1-ﬁjg (2.17)
Cll

10



Q. :—b(l+ 2%}9 (2.18)

11

where a. and a, are the conduction- and valence-band hydrostatic deformation
potentials, b is the valence band shear deformation potential and C;; and C;, are
elastic stiffness constants. The absolute value of hydrostatic deformation potential for
valance band, a,, is used to reconcile differing sign conventions found in literature

[35, 36]. The strained band gaps can then be expressed as

Ec (X Y)=E (X, y) +SE (X, y) — O, (X, Y)
(2.19)

Ecn(X,Y) =E; (X y) +0E (X, y) - SE, (X, Y) (2.20)

The conduction band position is

E, (X, y) +E (X, for —hh
EC(X, y): V( y) (o hh( y) (221)
E,.(x,Y)+E_,(x,Y) for —Ih
The conduction band offset is given by
w__ b
A E“b S (2.22)
AE, E, —E;

where E\¥ and E,” are the valence band positions in the well and barrier
materials, respectively, and E4" and Egb are the strain adjusted bandgaps (Ec.nn, for

compressive strain and Ec.n, for tensile strain) for the well and barrier materials.

11
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Figure 2.4: Band lineup of (a) compressively strained, (b) lattice matched, and (c)

tensiley strained layer [37].

2.1.5 Interpolation method (Vegard’s law)

Optoelectronic devices often employ alloys of binary materials. Because of the
random distribution of elements from the same group within the alloy lattice,
exact calculations of material parameters are hardly possible. The most important
parameters of a semiconductor are the band gap and the lattice constant. To calculate
the lattice constant of semiconductor alloys, Vegard’s law is usually employed [24].
It states that the lattice constant of a semiconductor alloy is calculated by a
linear interpolation between the Ilattice constant of the constituent
semiconductor.If one uses linear interpolation, the ternary material parameter (T) can

be derived from binary parameters (B’s) by
Tasc (X) =XBpe +(1—%)Bge (2.23)

for alloy of the form given by A B1 C.
X -X

Some material parameters, however, deviate largely from the linear
relation of Eqn.( 2.23), ternary parameter, in such case, can be very efficiently

approximated by the relationship of

Tage (X) =XBye +(1—X) By —Cx(x—1) (2.24)

12



The parameter C is usually called a “bowing” or “non linear” parameter. For most
[11-V alloy bandgap is typically smaller than the linear interpolation result and
so C is positive.

The quaternary material A;4BxCyDi, is thought to be constructed of four
binaries: AC, AD, BC, and BD. If one uses a linear interpolation scheme, the

quaternary parameter (Q) can be derived from the binary parameters by

Q% y)=(1-X) yBAC +(1-x)2- y)BAD + XyBBC +X(@1- y)BBD (2.25)
If relationships for the ternary parameters (T’s) are available, the quaternary

parameter can be expressed either as (A1.xBxCyD1.y)

Qx,y) = XL = X)YT g0 (X) + (L= V)T ()] + Y= Y)[XT pep (¥) + (L= X)Teep (V)] (2.26)
| X1-X)+y(1-) |

or
Q(x,y) = e ) + YA =X = YTaeo M) + XA=X=Y)Tueo W) 5 57
Xy +y(d—Xx-y)+x(1-x-Yy)
with
uod=x=y)
2
V:M (2.28)
We (2-2x-Y)

2

For the quinary A;xBxCyD1.y.E;, the average can be expressed in terms of the
nine ternary alloys (ABC, ABD, BCD, ACD, ACE, BCE, ADE, ABE and BDE):

C.P
p _z ijk ijk (229)

ABCDE —
Z Cijk

13



whereCij are the fractional composition components, e.g. Cijx = xy(1-y-z) for BCD.

2.1.6 Strain Effects (Zinc Blende)

The lattice parameters of the semiconductor materials constituting the well and the
barrier are different in the relaxed materials. If one grows a thin layer of the well
semiconductor on a thick layer of the barrier semiconductor, the barrier
semiconductor imposes its lattice parameter in the well plane. It is thus possible to
grow elastically strained quantum wells in compression or tension.  The
epilayer is under a biaxial stress such that its in-plane lattice constant a,
equals the substrate lattice constant as. For the purposes of this thesis growth
along the (001) direction is only considered. The net strain in the layer plane €, iS

given by

e e &R (2.30)

In response to the biaxial stress, the layer relaxes along the growth direction,

the strain €1 (= &) being of opposite sign to ¢ and given by

g =29 - 5%, (2.31)
l1-o C,

where o is the Poisson’s ratio and Ci; and Cio are elastic stiffness constants.
For compressive strain, a.< as, exx = &,y<0, and &,,>0. The total strain can be resolved

into a purely axial component, ga«, given by:

Ey =& —&, =26, (2.32)
and a hydrostatic component €, (=AV/V), given by:
gvol = gxx + gyy + gzz ~ g” (233)
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a) a.>a,, ¢ >0 Tensile Strain b) a.<a,, ¢ <0 Compressive Strain

Figure2.5: Schematic diagram (a) tensile-strained and (b) compressively-strained

layers grown on thick substrates.

The resolution of the strain into components is important when modelling the effects
of strain on the band structure of semiconductors. The strain is then a new
degree of freedom available to optimize the semiconductor laser, characteristics:
the structural modifications with respect to a bulk, relaxed semiconductor,
added to the size quantization effects, lead to drastic changes of the electronic
properties.

Fig. 2.6 shows that in a compressively strained structure, the heavy hole, light-
hole splitting at k=0 increases and the heavy-hole effective mass decreases.
This leads to the reduction of the hole density of states, DOS, and thus to a
reduction of the threshold current density. Moreover, the light-hole states,
which do not participate in the lasing transition, are further in energy from the
heavy-hole states compressively strained structures compared to the unstrained
one. These states are thus less populated, which leads to an increase of the
semiconductor laser efficiency. One can also demonstrate that the differential gain is

higher in a strained structure than in a lattice matched one.
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Figure 2.6: Schematic diagram showing the bulk band structure of three Ini_«GasAs
ternary strained layers grown on InP substrate [38].
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Figure 2.7: Diagram of the locations of confined states in strained and unstrained
Quantum Well structures. In the right and left figures, only the well material is

supposed to be strained. Ep, is the bulk band edge of the well material [39].
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CHAPTER 3

MODEL CALCULATIONS AND RESULTS

Based on the theories mentioned chapter 2, we present here a theoretical comparison
of band alignment of GaNxAs,P1.x.y /GaP and GaNxAsyP1.x/Al,Ga;..,P QWs onGaP
substrates. The novel quaternary well material of GaNASsP exhibits a direct band gap
only for the As-rich regime [18]. The lattice constant of the quaternary GaNAsP can
be adjusted to fit the GaP or Si by means of varying N- and P-concentration [18]. It
has been shown experimentally that the lasing operation has been observed in these
novel GaNAsP material system based on GaP[40]. We investigate the effect of
nitrogen in well and Al in barrier on band alignment (band offset energy and ratio) in
GaNyASyP1xy/AlxGa;xP QW structure on GaP substrate. GaNyAsyP1.x.yforms well
and AlGa;xP forms barrier of our quantum well (QW). In well N, As, and P all

belong to group V of the periodic table.

3.1 Effect of Nitrogen Concentration on Band Gap of GaNyAS,P1.x.y QWS on

GaP substrates

The growth of GaNAsP on GaPsubtrates results in compressive strain. The
magnitude of the compressive strain increases with increasing (decreasing) arsenide
(phosphide) concentration. We have calculated the strained band gap of GaNyAS,P;.x.
y/GaP by means of using band anti-crossing model which allows us to calculate the
fundamental band gap, E-. Strain effects has also been taken into account. Fig. 3.1
shows the calculated results. It has been seen from these calculations that when
nitrogen concentration increases there will be a stronger repulsion between the
extended stateEy and the localized N level Ey leading to a red shift in the strained
band gap as shown in Fig.3.1. Band gap decreases within 100 meV for a 1% nitrogen

concentration. The band anti-crossing parameter of Cyn which is the coupling
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parameter determined by the strength of coupling between localized and extended
states is taken as 1.9 [41]. En was determined by interpolation of isolated N level in
ternary composition end points of GaAs:N and GaP:N [42]. The nitrogen
dependence of the conduction band energy Ey of the matrix semiconductor is taken
as Em= Eo-3.5x [42]and E, is the bulk band gap energy in the absence of nitrogen.
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Figure 3.1: The calculated variation of the strained bandgap of GaNyAsyP1xy 0On

GaP with increasing nitrogen concentration.

3.2 Band alignment of GaNxAs,P1.x.y/ GaP QWSs on GaP substrates

We investigate the band alignment, i.e. band offset ratios and energies, by means of
using Model Solid Theory. Fig. 3.2 presents the calculated band offset ratios (Q. and
Qv) forcompressively strained As-rich GaNxASysPo2xquantum well with GaP
barriers on GaP substrates. Upper curve represents the variation of the conduction
band offset ratio Q. and lower curve represents the valence band offset ratio Q, with
increasing nitrogen concentration in well. An arsenide concentration of 80% has
been chosen to keep the well material in direct band gap region. These calculations
show that the introduction of N into GaAsP increases the conduction band offset
ratio Q. and decreases the valence band offset ratio Q, gradually. Fig. 3.3 illustrates

the corresponding band offset energies forcompressively strained As-rich
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GaNxAsy sPo 2xquantum well with GaP barriers on GaP substrates. It has been seen
from Fig. 3.3 that N incorporation increases both conduction- and valence-band

offset energies leading better carrier confinement.
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Figure 3.2: The variation of the band offset ratios of in GaNxAs,P1.x.,/GaP QW

structure on GaP substrate with increasing nitrogen concentration.
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Figure 3.3: Effect of N in well on band offset energy in GaNXAsyPl_X_y/GaP QW on

GaP substrates.
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3.3 Band alignment of GaNyAsyP1.«.y / AlxGa1xP QWs on GaP substrates

This section provides an optimization of the quaternary GaNyAsyP1..y well material
on GaP substrates by means of using AlxGa;xP barriers instead of GaP barriers. We
therefore now investigate the effect of nitrogen in well and aluminium in barrier on
the band alignment of GaNyAsyP1x.,/AlxGai«P QW structure on GaP substrate.
GaNxASy gPo2xforms well and Al,Ga;.xP forms barrier of our quantum well (QW)
structure. Fig. 3.4 presents the corresponding variation of the band offset ratio of
GaNxASsy sPo2x/AlkGa;xP  QW. As can be seen from Fig. 3.4, there is a significant
increase in conduction band offset ratio and decrease in valence band offset ratio

with increasing Al concentration in barrier.
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Figure 3.4: Effect of N in well and Al in barrier on band offset ratio in GaNXAsyPl_X_

/Al Ga_ P on GaP substrates.
y X 1-x

It should be noticed from the variations of Fig.3.4 that although the increase in
conduction band offset ratio Q. and the decrease in valence band offset ratio Qy is
slow with increasing N concentration in well, the rate of change of Q. and Q, are
very rapid with increasing aluminum concentration in barrier. Fig.3.5 shows the

corresponding the band-offset energies in the case of AIXGal_XP barriers. As can be
seen from Fig. 3.5, it is possible to get deeper conduction and valence wells leadingto
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much better confinement both in conduction and valence bands. So, the use of
AIXGal_XP barriers instead of GaP barriers improves the band alignment since band

offset energies further increases with an increase of Al concentration in barrier.

GaNXASO.SPO.Z-X / AlXGa1 -XP

Band Offset Energy (eV)

T T + 2| ——AI=0.00
0,02 , i — -AI=002

—-—AI=005
N (x) — - AI=0.08

Figure 3.5: Effect of Al in barrier on band offset energy in GaNXAsyPl_X_y/AIXGal_XP

QW on GaP substrates.

It should also be noticed from Fig. 3.5 that band offset energy becomes negative for
8% Al concentration. This means that GaNyAsyPix/AlkGaiP QWS on

GaPsubstrates turns from being type I to type Il for stated Al concentration.
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CHAPTER 4

CONCLUDING REMARKS

The 111-N-V alloys has been considered as new material systems because of their
unusual behaviour. These alloys grown on GaAs and InP substrate conventionally.
Nevertheless these growths result strained materials and great interest must be paid
while growing them. In recent years, people have considered GaP as a barrier
material. The utilization of GaP brings benefits since GaP is almost lattice-matched
to silicon. Hence, one can use the most available material, Si, as a substrate material
in GaNxASysPo2-x / GaP QW laser systems.

This thesis provides a study on the band alignment of the quaternary direct band gap
novel well material system of GaNxAsosPo2x With GaP or Al,G a;P barriers on
GaP substrates. We investigate the effect of N in well and Al in barrier on band
offset energies and band offset ratios in GaNyAsyPix.,/GaP and GaNyxAs,Pi.x.
JALGai;xP QW systems. We have calculated that the band offset energies and ratios
increases with an increase of N in well of GaNyAsyP1x,/GaP material system. We
have also calculated that the band offset energies and ratios increases with an
increase of Al in barrier of GaNyASyP1.x,/AlxGa;xP QW systems. Our calculations
show that the rate of increase of band offset ratio and energy for conduction band is
rapid than that of those in valence band. This is a desirable situation since electrons
must confine better than holes in order to reduce the carrier leakage to the barrier.
Electrons have a higher probability to leak to the barrier since the effective mass of
the electron is smaller than that of the hole. Therefore, lighter electrons are more
mobile than that of heavier holes. Hence electons have a high probability to leak into
the barrier. This carrier leakage can be reduced with better band alignment, i.e with
deeper conduction wells. Our calculations show that the newly proposed novel

GaNyAsyP1.xy wells with AlkGa;.xP  barriers on GaP and hence on Si substrates
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provides the requirement of carrier confinement with optimized band alignment.
Therefore, the proposed novel GaNyAsyP1..y well with Al,Ga;xP barrier on GaP

and hence on Si substrates is a promising material system for lasers.
As a future work, it would be remarkable to investigate the effect of the

incorporation of the indium into the quaternary GaNyAsyPixy well with GaP or
AlyGa; <P barriers on GaP substrates from the band alignment point of view.
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