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ABSTRACT

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

SEMICONDUCTORS

KÖKSAL, Koray

Ph.D. in Engineering of Physics

Supervisor: Prof. Dr. Beşire GÖNÜL

Co-Supervisor: Prof. Dr. Beşire GÖNÜL

September 2009, 95 pages

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

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

GaInAsN has been proposed to improve quantum well lasers which can pro-
duce the laser beam in wavelength of 1:3 �m, 1:55 �m and 2:3 �m and are needed
in telecommunication and satellite technology. As indicated by a great number
of studies in literature, GaInAsN is ideal as a well layer in QW lasers. As exper-
imentally proven, GaInAsN based QW�s have e¢ cient con�nement of electrons
and light, and high temperature performance. Therefore, we have compared the
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band alignments of the nitrogen-free and nitrogen-included laser devices on GaAs
and InP substrates. We have seen that the band alignment of strained GaInAsN
QW laser systems on InP is better than that of the GaAs substrate and both sub-
strates provide deeper conduction wells and the introduction of opposite strain
to the barrier results in deep electron wells which is essential to have good high
temperature characteristics. Furthermore, our calculations show that the band
alignment of conventionally strained GaInAsN/InP QW laser systems with high
indium concentration (beyond 53%) compete with the ideal band alignment of
GaInAsN / GaAs lasers.

We have presented the calculations to investigate the role of N and Sb
on the critical thickness(hc) of strained GaInAsNSb QWs on GaAs and InP
substrate for (001) and (111) orientations. These calculations have shown that
the limitation of hc is eliminated by means of using the compressive GaInAs/InP
wells. The addition of Sb and In atoms into the system has similar e¤ects on hc.
The use GaAsxSb1�x QW instead of InxGa1�xAs brings an advantage from the
point of view of hc. We have shown that the growth of indium rich GaInAsN
QW is possible on InP substrates due to the improved critical layer thickness.
Although GaInAsNSb has still the constraint of critical layer thickness, its growth
on InP brings improvements in critical thickness.

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

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

Key words: GaInNAs(Sb), nitrides, optical con�nement, electron con�nement,
critical thickness, band o¤sets, donor binding energy.
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ÖZET

N·ITROGEN�·IN GAINASN YARI·ILETKENLER·IN OPT·IKSEL VE
ELEKTRON·IK ÖZELL·IKLER·I ÜZER·INDEK·I ETK·ILER·IN·IN TEOR·IK

ANAL·IZ·I

KÖKSAL, Koray

Doktora Tezi, Fiz. Müh.

Tez Yöneticisi: Prof. Dr. Beşire GÖNÜL

Tez Yönetici Yard¬mc¬s¬: Prof. Dr. Beşire GÖNÜL

Eylül 2009, 95 sayfa

Nitrojen katk¬l¬ III-V yar¬iletken malzemeler ilginç temel özellikler taş¬-
makla birlikte, teknolojik olarak büyük bir önem arzetmektedir. Son y¬llarda,
band yap¬lar¬n¬n III-V�lere göre farkl¬özellikler göstermesinden dolay¬, III-N-V
yar¬iletkenler ileri ince �lm büyütme teknikleri sayesinde sorunsuz bir şekilde
üretilmi̧s ve yap¬lan bilimsel araşt¬rmalar yo¼gunlaşm¬̧st¬r. Bu malzemelerin en
önemli ve dikkate de¼ger özelliklerinden biri, iletim band¬n¬n az miktarda nitrojen
safs¬zl¬klardan dolay¬ ikiye bölünmesi ve band aral¬¼g¬n¬n h¬zl¬bir şekilde azal-
mas¬d¬r. Az miktardaki s¬radan safs¬zl¬¼g¬n band yap¬s¬nda meydana getirdi¼gi
de¼gi̧siklik az iken, nitrojen ve V. grup elementleri aras¬ndaki yüksek elektronegat-
i�ik, iyonlaşma ve büyüklük fark¬yüzünden , az miktardaki nitrojen katk¬s¬çok
büyük de¼gi̧sikliklere sebep olmaktad¬r. Bu özelli¼ginden dolay¬ III-N-V bileşik
yar¬iletken malzemeler teknolojide farkl¬ cihazlar¬n üretilme yolunu açm¬̧st¬r.
Mesela, GaInAsN�lar telekominikasyonda ve uydu ileti̧sim teknolojisinde kul-
lan¬lan 1; 3; 1; 55 ve 2; 3 �m dalga boylar¬nda lazer üretebilen kuantum kuyu
lazerleri geli̧s tirilmek için önerilen bir malzemedir. Literatürdeki bir çok çal¬̧s-
mada belirtildi¼gi gibi, InGaAsN yar¬iletkenleri kuantum kuyu lazerleri için ideal
bir kuyu malzemesidir. Yine deneysel olarak kan¬tlanm¬̧st¬r ki, bu malzemeler bi-
linen malzemelere göre elektronlar¬ve ¬̧s¬¼g¬daha fazla hapsedebilmekte ve yüksek
s¬cakl¬klarda elektron s¬z¬nt¬s¬na izin vermemektedir.

Bu tezin amac¬, nitrojen katk¬l¬III-V yar¬iletken bileşiklerin deneysel olarak
gösterilmi̧s temel özellikleri ve cihaz uygulamalar¬ile ilgili üstünlüklerini teorik
olarak incelemek, yorumlamak ve bu konuda yap¬labilecek farkl¬çal¬̧smalara bir
kap¬açmak için yeni malzemeler önermektir. Bu tezde, nitrogen katk¬l¬GaInAs
yar¬iletkeninin temel özellikleri ve s¬rad¬̧s¬ karakteristi¼ginin alt¬nda yatan �zik
üzerinde duruldu.
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GaInAsN, uydu ve ileti̧sim teknolojisinde kullan¬lan 1; 3 �m, 1; 55 �m ve
2; 3 �m dalgaboylar¬nda lazer ¬̧s¬n¬üretebilen kuantum kuyu lazerlerinin geli̧stir-
ilmesi için önerilmi̧s bir malzemedir. Literatürde mevcut bulunan çok say¬-
daki çal¬̧smada da ifade edildi¼gi gibi, GaInAsN kuantum kuyu lazerlerinde kuyu
malzemesi olarak oldukça idealdir. Deneysel olarak da gösterilmi̧stir ki, GaInAsN
bazl¬kuantum kuyular¬nda, elektron ve ¬̧s¬k etkin bir biçimde hapsedilebilir ve
yüksek s¬cakl¬klarda iyi bir performans gözlenir. Bu bilgiler do¼grultusunda ,
biz de nitrojen içeren ve içermeyen GaAs veya InP üzerine büyütülmüş lazer
cihazlar¬n¬n band hizalanmas¬n¬ inceledik. Sonuçta görüldü ki, deformasyona
u¼gram¬̧s GaInAsN kuantum kuyu lazerlerinden InP üzerine büyütülenler GaAs
üzerine büyütülenlerden daha iyi band hizalanmas¬na sahiptirler ve her iki tu-
tucu da daha derin bir iletim kuyusu sa¼glar. Bununla birlikte, bariyer malzeme-
sine, kuyununkine uygulanan¬n tersi yönünde deformasyon uygulan¬rsa yüksek
s¬cakl¬klarda yüksek verime yol açan derin elektron kuyusu elde edilmi̧s olur.
Ayr¬ca, hesaplamalar¬m¬z gösteriyor ki, yüksek indium yo¼gunlu¼guna sahip defor-
masyona u¼gram¬̧s GaInAsN/InP kuantum kuyu lazer sistemleri GaInAsN/GaAs
lazerlerinin ideal band hizalanmas¬özelli¼gi ile yar¬̧sabilecek durumdad¬r.

Nitrojen(N) ve antimonite(Sb) katk¬s¬n¬n, GaAs ve InP ile (111) ya da
(001) yönünde büyütülmüş deformasyona u¼gram¬̧s GaInAsNSb kuantum kuyu
lazerlerinin kritik kal¬nl¬klar¬üzerindeki rolünü incelemek için hesaplar yap¬ld¬.
Bu hesaplar gösterdi ki, deformasyona u¼gram¬̧s GaInAs kuyular¬nda kritik kal¬n-
l¬¼g¬n s¬n¬rlar¬InP üzerine yap¬lan büyütme ile aş¬labilir. Indium gibi, Sb katk¬s¬
da kritik kal¬nl¬¼g¬düşürmektedir. Fakat, kuyu malzemesi olarak InGaAs yerine
GaAsSb�¬n kullan¬lmas¬n¬n, kritik kal¬nl¬k aç¬s¬ndan yararl¬oldu¼gu görülmüştür.
GaAsSb�¬n kritik kal¬nl¬¼g¬InGaAs�a göre oldukça büyüktür. Bu çal¬̧smada, InP
üzerine büyütülen GaInAsN�¬n kritik kal¬nl¬¼g¬iyileştirdi¼gi saptanm¬̧st¬r. GaInAsNSb
kritik kal¬nl¬k aç¬s¬ndan s¬n¬rl¬bir malzeme olmakla beraber, InP üzerine büyütüldü¼günde
kritik kal¬nl¬kta art¬̧s gözlemlenmi̧stir. Yeni bir analitik metod kullan¬larak, ni-
trojen katk¬s¬n¬n GaAsN alaş¬m¬içinde bulunan s¬¼g donörlerin ba¼glanma ener-
jisi ve etkin Bohr yar¬çap¬ile perdeleme parametresi ve taş¬y¬c¬yo¼gunlu¼gu üz-
erindeki etkisi incelenmi̧stir. Nitrojen ve ba¼glanma enerjisi aras¬nda güçlü bir
ili̧s ki vard¬r. Ayr¬ca perdeleme parametresinin yükselmesi ba¼glanma enerjisinin
düşmesine sebep olmaktad¬r. Yar¬iletken kuantum kuyu lazerlerinin dizayn¬için
temel faktörlerden bir tanesi de optiksel mod hapsolmas¬d¬r(¬̧s¬¼g¬n hapsedilmesi).
GaAs ve InP üzerine büyütülmüş GaInAsN lazer malzemelerinin k¬r¬lma indisi
ve buna ba¼gl¬optiksel hapsolma faktörleri incelenmi̧stir. Hesaplama sonuçlar¬
göstermi̧stir ki, 1; 3 �m III-V lazer sistemleri optiksel hapsolma faktörü bak¬m¬n-
dan III-N-V lere göre daha iyidir. Bununla birlikte, hesaplar¬m¬z optiksel hapsol-
man¬n deformasyon tela�li bariyerler sayesinde iyileştirilebilece¼gini göstermi̧stir.

Anahtar kelimeler: GaInNAs(Sb), azot, optiksel hapsolma, elektron hapsol-
mas¬, kritik kal¬nl¬k, band geniþli�gi, ba�glanma enerjisi.
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patiantly and kindly guiding me throughout my work towards thesis.

I also extend my gratitude to Prof.Dr. Bülent Gönül who gave me an

opportunity to study on quantum mechanics and yield valuable papers.

I wish to thank Prof. Dr. Jamal Berakdar who provided me to study for

a semester in his group in Germany and guided me about valuable subjects.

I also want to thank TUBITAK who �nancially supported me during my

PhD program.



ix

TABLE OF CONTENTS

CHAPTER

1 INTRODUCTION 1
1.1 Historical Background . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 THE PHYSICS BEHIND INCORPORATION OF NITROGEN INTO
GAINAS 6
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 Nitrogen isoelectronic impurities in GaInAs . . . . . . . . . . . . 7
2.3 Nitrogen induced band formation in GaInAsN . . . . . . . . . . . 9
2.4 Band anti crossing model(BAC) . . . . . . . . . . . . . . . . . . . 11
2.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3 COMPARISON AND ANALYSIS OF THE BAND ALIGNMENT OF
STRAINEDAND STRAIN-COMPENSATEDGAINASNQWSONGAAS
AND INP SUBSTRATES 16
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.2 The Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.2.1 Band anti-crossing model . . . . . . . . . . . . . . . . . . . 18
3.2.2 Model Solid Theory . . . . . . . . . . . . . . . . . . . . . . 19

3.3 Comparison of the band alignment of strained and strain- com-
pensated GaInAsN QWs on GaAs and InP substrates . . . . . . . 21
3.3.1 GaInAsN/GaAs/GaAs . . . . . . . . . . . . . . . . . . . . 21
3.3.2 GaInAsN/GaAsP/GaAs . . . . . . . . . . . . . . . . . . . 23
3.3.3 InGaAs/InP/InP . . . . . . . . . . . . . . . . . . . . . . . 24
3.3.4 GaInAsN/InP/InP . . . . . . . . . . . . . . . . . . . . . . 26
3.3.5 GaInAsN/InAsP/InP . . . . . . . . . . . . . . . . . . . . . 27

3.4 Analysis of the band alignment of highly strained indium-rich
GaInAsN QWs on InP substrates . . . . . . . . . . . . . . . . . . 28
3.4.1 InGaAs/InP/InP . . . . . . . . . . . . . . . . . . . . . . . 28
3.4.2 GaInAsN/InP/InP . . . . . . . . . . . . . . . . . . . . . . 30
3.4.3 GaInAsN/InAlAs/InP . . . . . . . . . . . . . . . . . . . . 30
3.4.4 GaInAsN/AlGaInAs/InP . . . . . . . . . . . . . . . . . . . 31
3.4.5 InGaAs/InAlAs/InP . . . . . . . . . . . . . . . . . . . . . 31

3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4 CRITICAL LAYER THICKNESS OF GAIN(N)AS(SB) QWS ON GAAS
AND INP SUBSTRATES FOR (001) AND (111) ORIENTATIONS 36
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36



x

4.2 Theoretical models . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.2.1 Force balance model of Matthews and Blakslee for hc . . . 39
4.2.2 Interpolation method for the quinary alloy . . . . . . . . . 40

4.3 InGaAs QW on GaAs and InP substrates for (001) and (111)
orientation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.4 GaAsSb QW on GaAs and InP substrates for (001) and (111)
orientation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.5 Ga1�xInxAs1�yNySbz QW on GaAs and InP substrates for (001)
and (111) orientation . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

5 THEANALYTICAL SOLUTIONOF SCREENEDCOULOMBPOTEN-
TIAL AND BINDING ENERGIES OF DONOR IN GAASN 53
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.2 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
5.3 Calculation of binding energy of donors in GaAsN by using the

analytical method . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

6 ATHEORETICAL INVESTIGATIONOFOPTICALMODECONFINE-
MENT IN GAINASN QWS ON GAAS AND INP 63
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
6.2 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

6.2.1 Adachi�s model for refractive index . . . . . . . . . . . . . 64
6.2.2 Five-layer symmetric slab theory . . . . . . . . . . . . . . 64

6.3 Calculation of refractive index and optical con�nement factor in
InGaAsN by using the analytical method . . . . . . . . . . . . . . 68

6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

7 CONCLUSIONS AND FUTURE WORK 75

REFERENCES 79

CURRICULUM VITAE 89

PUBLICATIONS 90



xi

LIST OF TABLES

Table

3.1 Some material parameters which have been used in calculations
of band alignment. . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.1 The sti¤ness and lattice constants of binary compounds. . . . . . 40
4.2 The parameters which are used in calculations according to the

directions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

6.1 The required parameters related to the refractive index of the
materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

6.2 The refractive index values of three di¤erent layers for the systems
of Ga0:33In0:67P0:28As0:72 / Ga0:1In0:9P0:78As0:22 / InP, Al0:175Ga0:095In0:73As
/ Al0:27Ga0:21In0:52As / InP and Ga0:7In0:3N0:022As0:978 QWs be-
tween GaAs barriers and Al0:1Ga0:9As cladding layers. . . . . . . . 72



xii

LIST OF FIGURES

Figure

2.1 The representation of the change of CB, VB and N impurity energy
levels in momentum space by applied hydrostatic pressure. . . . . 9

2.2 The variation of band gap of GaInAsN according the band anti-
crossing model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.3 Temperature and nitrogen dependence of band gap of GaInAsN
for In content of 0%(yellow) and 20%(green): . . . . . . . . . . . 14

2.4 The variation of E+ and E� versus N and In concentration. . . . 15

3.1 The nitrogen N concentration (in well) dependence of the conduc-
tion and valence band o¤set ratios, Qc and Qv, (inset �gure) and
the corresponding conduction and valence band o¤sets, �Ec and
�Ev, of the uncompensated compressively strained Ga0:70In0:30NyAs1�y
quantum wells with GaAs barriers on GaAs substrates. . . . . . 22

3.2 The variation of conduction (upper curve) and valence (lower
curve) band o¤sets, �Ec and �Ev, with nitrogen concentration
which results compressive strain (in well) for Ga0:70In0:30NyAs1�y
quantum wells and with phosphorus concentration which results
tensile strain (in barrier) for compensated Ga0:70In0:30NyAs1�y /
GaAsP quantum wells on GaAs substrates. . . . . . . . . . . . . . 23

3.3 The indium concentration (in well) dependence of the conduction
and valence band o¤set ratios, Qc and Qv, (inset �gure) and the
corresponding the conduction and valence band o¤sets, �Ec and
�Ev, of the tensiley strained uncompensated InxGa1�xAs / InP
QW laser system on InP substrates. RHS of the y-axis shows the
energy di¤erence between the transition energies of c1 � lh1 and
c1 � hh1 from the respective band edges. . . . . . . . . . . . . . . 25

3.4 The variation of the conduction and valence band o¤sets, �Ec
and �Ev, with indium concentration and tensile strain (in well)
for uncompensated Ga1�xInxN0:02As0:98 /InP QWs on InP sub-
strates. RHS of the y-axis shows the energy di¤erence between
the transition energies of c1� lh1 and c1�hh1 from the respective
band edges. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.5 The calculated variation of the conduction and valence band o¤-
sets, �Ec and �Ev, with arsenide concentration and compres-
sive strain (in barrier) for compensated Ga0:90In0:10N0:03As0:97 /
InxAs1�xP / InP laser system. . . . . . . . . . . . . . . . . . . . . 27



xiii

3.6 The indium concentration dependence of the conduction and va-
lence band o¤set ratios, Qc and Qv, (inset �gure) and the corre-
sponding conduction and valence band o¤sets, �Ec and �Ev, of
the strained Ga1�xInxAs quantum wells with InP barriers on InP
substrates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.7 The variation of conduction and valence band o¤sets, �Ec and
�Ev, with nitrogen and indium concentration for compressively
strained for Ga1�xInxNyAs1�y quantum wells with InP barrier and
InP substrate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.8 The nitrogen concentration dependence of conduction and valence
band o¤set ratios, Qc and Qv, (inset �gure) and the corresponding
the conduction and valence band o¤sets, �Ec and �Ev, of the
compressively strained Ga0:22In0:78NyAs1�y well with In0:52Al0:48As
barriers QW laser system on InP substrates. . . . . . . . . . . . 33

3.9 The calculated results of the nitrogen concentration dependence
of conduction and valence band o¤set ratios, Qc and Qv, (inset
�gure) and the corresponding the conduction and valence band o¤-
sets,�Ec and�Ev, of the compressively strained Ga0:22In0:78NyAs1�y
well with Al0:15Ga0:32In0:53As barriers QW laser system on InP
substrates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.10 The indium concentration dependence of conduction and valence
band o¤set ratios, Qc and Qv, (inset �gure) and the correspond-
ing the conduction and valence band o¤sets, �Ec and �Ev, of
the nitrogen free compressively strained Ga1�xInxAs well with
In0:52Al0:48As barrier QW laser system on InP substrates. . . . . . 34

3.11 The comparison of the substrate dependence of strain as a function
of nitrogen and indium concentration in Ga1�xInxNyAs1�y QW. . 35

4.1 The calculated variation of the critical thickness of InxGa1�xAs
QW versus In concentration on GaAs substrates for (001) and
(111) growth orientations. Dashed- and solid line represents the
variation for (001) and (111) growth orientations, correspondingly.
The inset �gure shows the magnitude of strain versus In concen-
trationon GaAs substrate. Closed and open dots represents the
experimental values. . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.2 The calculated variation of the critical thickness of InxGa1�xAs
QW versus In concentration on InP substrates for (001) and (111)
growth orientations. Dashed- and solid line represents the vari-
ation for (001) and (111) growth orientations, correspondingly.
The inset �gure shows the magnitude of strain versus In concen-
trationon GaAs substrate. Closed and open dots represents the
experimental values. . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.3 The calculated variation of the critical thickness of GaAs1�xSbx
QW versus In concentration on GaAs substrates for (001) and
(111) growth orientations. Dashed- and solid line represents the
variation for (001) and (111) growth orientations, correspondingly.
Closed squares represents the experimental values for (001) orien-
tation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46



xiv

4.4 The calculated variation of the critical thickness of GaAs1�xSbx
QW versus In concentration on InP substrates for (001) and (111)
growth orientations. Dashed- and solid line represents the vari-
ation for (001) and (111) growth orientations, correspondingly.
Closed squares represents the experimental values for (001) orien-
tation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.5 The calculated variation of the critical thickness of GaAs1�xNx
QW versus In concentration on GaAs substrates for (001) and
(111) growth orientations. Dashed- and solid line represents the
variation for (001) and (111) growth orientations, correspondingly.
Closed dots represents the experimental values for (001) orientation. 48

4.6 The calculated variation of the critical thickness of Ga1�xInxNyAs1�y�zSbz
QW versus In concentration on GaAs substrates for (001) and
(111) growth orientations. Dashed- and solid line represents the
variation for (001) and (111) growth orientations, correspondingly.
Closed dots represents the experimental values. . . . . . . . . . . 49

4.7 The calculated variation of the critical thickness of Ga1�xInxNyAs1�y�zSbz
QW versus In concentration on InP substrates for (001) and (111)
growth orientations. Dashed- and solid line represents the vari-
ation for (001) and (111) growth orientations, correspondingly.
Closed dots represents the experimental values. . . . . . . . . . . 50

5.1 Minimum band gap(solid line) calculated by Eq. 3.1 and static
dielectric constant(dashed line) obtained by Eq. 5.15 as a function
of the N fraction for GaAs1�yNy. . . . . . . . . . . . . . . . . . . 58

5.2 Electron e¤ective mass(solid line) at � valley and e¤ective bohr
radius(dotted line) as a function of N concentration. . . . . . . . . 59

5.3 The variation of screening parameter �(dashed lines) and intrinsic
carrier concentration(solid line) with increasing nitrogen concen-
tration. � is also dependent on donor concentration. . . . . . . . 60

5.4 The binding energy variation(solid line) for the ground state as
a function of the nitrogen concentration. The change of e¤ective
Bohr radius(dashed line) and screening parameter can be seen in
this �gure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

6.1 The illustration of the �ve layer slab waveguide. . . . . . . . . . 66
6.2 Calculated refractive index values for GaAs, InGaAs and GaInNAs

with increasing N concentration. . . . . . . . . . . . . . . . . . . . 68
6.3 GaInNAs on GaAs substrate as a function of N concentration and

wavelength of photon. The top x-axis shows the energy of photon
and right y-axis shows the strained band gap of the GaInNAs on
GaAs substrate for N concentrations stated on the left y-axis. . . 70

6.4 Contour maps of refractive index of GaInNAs well as a function
of In and N concentration. . . . . . . . . . . . . . . . . . . . . . . 71

6.5 The variation of the optical con�nement factor � versus the thick-
ness of the active region for the laser structures of InGaAsP, Al-
GaInAs, and GaInNAs with an emission wavelength of 1:3 �m. . . 74



xv

6.6 The calculated variation of � of N-based uncompensated (blue-
line) laser system with that of the compensated laser systems with
GaAsN (red-line) and GaAsP (black-line ) barrier. . . . . . . . . . 74



xvi

LIST OF SYMBOLS

e : electron charge

�h : Planck�s constant

kB : Boltzman�s constant

T : Temperature

Eg : Band gap(eV)

�0 : Spin-orbit splitting(eV)

C11 : Elastic Sti¤ness constant(GPa)

C12 : Elastic Sti¤ness constant(GPa)

C44 : Elastic Sti¤ness constant(GPa)

b : Deformation potential(eV)

a : Lattice constant
�
Å
�

ac : Hydrostatic deformation potential for conduction band(eV)

av : Hydrostatic deformation potential for valence band(eV)

Ev;av : Average valence band level(eV)



1

CHAPTER 1

INTRODUCTION

Semiconductors are very important for device applications of electronics

and optoelectronics in technology. Initial work about semiconductors was based

on Si, Ge and GaAs of which fundamental properties are now well known. After

the possibility of alloying, di¤erent semiconductor alloys could be produced which

have new fundamental and electronic properties. For example, GaAs and AlAs

lattice matched binary semiconductors can be alloyed and one can produce Al-

GaAs which has di¤erent characteristics from GaAs and AlAs. Anymore, lattice

mismatched alloys have been growth via modern growth techniques.

Ga(In)AsN which is an example of lattice mismatched alloys has unusual

properties and advantageous in device applications. GaInAsN can be grown on

GaAs, InP and last years Si and GaP. This material is proposed to be used

in quantum well laser systems, infrared detectors, high-e¢ ciency multijunction

solar cells and high speed transistors. Furthermore, it has very important physics

because N atoms a¤ect the band structure anomalously, split the conduction

band in two parts and a few percent of nitrogen concentration in InGaAs causes

a huge reduction in band gap.

Kondow et al. have proposed application of GaInAsN to optoelectronic

devices [1]. GaInAsN can be used as a light-emitting material with a band gap

energy suitable for long-wavelength laser diodes(1:3� 1:55 �m and longer wave-

lengths) and can be grown pseudomorphically on a GaAs substrate. By combin-

ing GaInAsN with any wide band gap materials that can be grown on a GaAs

substrate, it is possible to achieve a Type-I band lineup and ideal band o¤set.

This allows to fabricate very deep quantum wells which bring many advantages

in terms of laser performance, including high operating speeds and excellent

temperature stability of threshold current and lasing wavelength. GaInAsN is

also promising as a material for use in long-wavelength vertical-cavity surface-

emitting lasers (VCSELs), because a GaInAsN active layer can be grown on

a highly re�ective GaAs/AlAs distributed bragg re�ector (DBR) mirror over a
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GaAs substrate in a single stage of epitaxial growth [2, 3].

The �eld of intersubband transitions (ISBTs) which is basic of quantum

well infrared photodetectors(QWIP) is important in electron accumulation layers

in GaAs based QWs. GaInAsN QWs have been proposed to use as QWIPs to

reach wavelengths below 4 �m [4], current limit in GaAs based materials. The

�rst observations of ISBTs were made recently in GaInAsN/GaAs QWs [5], of

which the ideal band o¤set, specially large conduction band o¤set makes it good

candidate for QWIPs. Recently, intersubband transitions(ISBTs) at very short

wavelengths(1:24 �m) were reported in highly con�ned GaInAsN QWs [6, 7].

Because of its low-band gap characteristics, GaInAsN can be used as solar

cells to e¢ ciently collect the low-photon-energy portion of the solar spectrum.

However there are some problems to use GaInAsN as a solar cell material. Al-

though the collection of minority carriers is central to the function of solar cells

[2], N into GaInAs dramatically reduces the mobility and minority-carrier life-

time. Nevertheless, new works are currently performed to overcome the problems

of short minority carrier life times and low-di¤usion lengths which lower the ef-

�ciency in conventional GaInAsN solar cells [8]. The incorporation of GaInAsN

in the base of heterojunction bipolar transistors is a scienti�cally interesting and

commercially important addition to the material and band gap engineering ca-

pabilities for III�V compound devices [9]. There are also new works on using of

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

1.1 Historical Background

In the mid-1960s, the studies on nitrogen impurities in the semiconductors

showed that substitution of small amount of nitrogen(1016 � 1019 cm�3) into

GaP produces bound states in the forbidden band gap of this material and it

was reported that isolated N atoms and NN pair states can bound exciton. In the

late-1960s, it was found that the isolated N state lies above the conduction band in

GaAsP and InGaP for some values of In or As concentration. Later, it was shown

that the pressure dependence of N level is much smaller than that of the band gap.

During the extensive studies were performed on optical properties of GaAsP:N,

the observation of the N state in GaAs remained elusive. In the early 1980s,

N state was forced into the band gap of GaAs by the application of hydrostatic

pressure and therefore photoluminesence was observed. The incorporation of

much higher N content into GaAs was reported, large band gap bowing was

observed in GaAs1�xNx with 0 � x � 0:015 in 1992 by Weyers et al. and in 1994
by Kondow et al. for the �rst time. In 1996, Sato et al. succeeded in growing

GaInAsN with excellent crystallinity despite the previous failure of several groups
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to do this. A dislocation-free III-V-N layer was grown on a Si substrate for the

�rst time by molecular beam epitaxy (MBE) by Yonezu et al. in 1998. The

GaInAsN alloy also was grown on InP substrates in order to extend the emission

wavelength range as compared with conventional GaInAsP alloy by Gokhale et al.

in 1999. Sopanen et al. �rst reported the fabrication of GaInAsN quantum dots

by self-organization using gas-source molecular beam epitaxy (GSMBE) in 2000.

The role of hydrogen on dilute nitrides was investigated �rstly in 2002. It was

reported that, the incorporation of hydrogen passivates the N-related electronic

states and increases the band gap. The studies have been performed on electron

spin dynamics in dilute nitride compounds since 2005. An experimental and

theoretical study on the absorption coe¢ cient of GaInAsN quantum wires was

also published in 2006 by Feltrin et al. and may lead to novel detector devices.

In order to explain unusual behaviour of GaInAsN, a large number of stud-

ies has been performed and some models have been proposed. Band anticrossing

model is proposed by Shan et al. in 1999 which describes the strong band gap

bowing observed at low N composition in Ga(In)AsN in terms of an interac-

tion between the Ga(In)As host matrix conduction band edge and a higher lying

band of localized N states. O�reilly et al. applied the k � p method to GaAsN
in 1999. Whereas in previous studies 8-band k � p has been used to calculate
the band structure of GaAs, O�reilly et al. proposed modi�ed 10-band k � p
Hamiltonian for GaInAsN in which the additional 2 bands indicate localized N

state. In 2001, Kent et al. developed an atomistic model based upon large-

scale atomistic supercell calculations and the empirical pseudopotential method

which is able to explain some experimentally observed phenomena in GaInAsN.

In this study, the model is compared with band anticrossing model. Lindsay

and O�Reilly developed an accurate sp3s� tight-binding Hamiltonian to describe

the electronic structure of GaInAsN in 2002. They compared the results with

observed experimental data and pseudopotential calculations.

Device application of N incorporated semiconductors began in 1960s. In

the years between 1968 and 1972, green light emitting diodes (LEDs) based on

GaP:N, LEDs based on GaAsP:N (peak emission energies in 1:8� 2:2 eV range)
and optically-pumped laser action (stimulated emission) in GaAsP:N were re-

ported. First operataional laser diodes based on III-V-N semiconductor alloys

were reported in 1994. Laser operation of a GaInAsN vertical-cavity surface-

emitting laser (VCSEL) diode emitting at 1:2 �m (at room temperature and

pulsed) was achieved for the �rst time in 1997 by Hitatchi group. Geisz and

Friedman addressed the application of III-N-V semiconductor alloys to high-

e¢ ciency multijunction solar cells in 1998. The incorporation of GaInAsN in

the base of heterojunction bipolar transistors was proposed in 1999. In 2000,
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1:3 �m-range, room-temperature, continuous wave operation was realized and

�rst demonstration of 10�Gb/sec, 10�km communication was performed by a

group. In 2001, GaInAsN VCSELs went on the market. While the �rst observa-

tions of intersubband transitions in GaInAsN/GaAs QWs were made by Duboz

et al. in 2002, the �rst fabrication and characterization of quantum well infrared

photodetectors based on GaAsN and GaInAsN was reported in 2003 and 2007,

respectively.

1.2 Thesis Outline

In this thesis, we aim to investigate some optical and electronic properties

of GaInAsN for QW lasers applications. These properties have been not carried

out by previous studies up to our knowledge.

In chapter 2, we discuss the origin of the unusual physical properties of

GaInAsN. We present the issue of isoelectric impurities in semiconductors and

the di¤erence of nitrogen from other conventional isoelectronic impurities. We

discuss the e¤ect of nitrogen bound states on conduction band of GaInAs and

introduce band anticrossing model.

We examine the relative band alignment of the band edges of Ga1�xInxAs1�yNy
between the quantum well and the barrier in chapter 3. We present band align-

ment calculations for GaAs and InP substrates with strained and strain com-

pensated barriers. These calculations reveal the advantageous of N incorpora-

tion into InGaAs systems and show how nitrogen improves electron con�nement.

This chapter consists of two parts; �rst part is dealing with GaInAsN with low

In concentration to produce 1:3 and 1:55 �m, second part is concentrated on

GaInAsN with high In concentration to produce 2:3 �m. Band anti crossing

model(BAC) which explains the conduction band splitting due to N addition

into InGaAs is used to calculate band gap and model solid theory is used to

obtain the corresponding band alignments.

In chapter 4, we calculate critical thickness(hc) values for Ga(In)As(N)(Sb)

QW due to the strain compensating e¤ect of N atoms. Additionally, the e¤ect of

antimonite(Sb) and indium(In) on critical thickness of quantum well material is

investigated. The e¤ect of growth directions of (111) and (100) is shown for dif-

ferent alloy combinations of Ga, In, N, As and Sb. Furthermore, we investigate

substrate dependence of hc of (Ga)InAs(N)(Sb) wells grown on InP and GaAs

substrates. In this chapter we use interpolation method to calculate the para-

meters of ternary, quaternary and quinary heterostructures. Critical thickness

calculations are performed by means of using force balance model of Matthews

and Blakslee.
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The e¤ect of nitrogen on binding energy of shallow donors in GaAsN alloys

is examined in chapter 5. We derive an analytical solution of screening coulomb

potential in this study. Binding energy of shallow donors is calculated by using

this analytical solution. Strong nitrogen concentration dependence of intrinsic

carrier density, screening parameter and e¤ective Bohr radius are investigated.

We explain the meaning of screening parameter for GaAsN as the inverse of

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

Chapter 6 introduces a theoretical investigation of optical con�nement fac-

tor of GaInAsN based quantum wells. We examine how the refractive index

of GaInAsN material is a¤ected by nitrogen and indium concentration and the

wavelength of applied photon. A comparative study of optical con�nement fac-

tor of GaInAsN wells is undertaken by means of considering the refractive index

di¤erences between the well and that of barrier and cladding layer. Refractive in-

dex calculations are performed by using Adachi�s model and optical con�nement

factor is calculated by �ve-layer slab model.

Chapter 7 gather together the major conclusions from the work described

in this thesis. Future work is also provided in this chapter.
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CHAPTER 2

THE PHYSICS BEHIND
INCORPORATION OF NITROGEN
INTO GAINAS

2.1 Introduction

Alloying semiconductors with large size-mismatched atoms induces unusual

electronic properties that can be exploited in a range of otherwise unavailable

applications, such as long wavelength lasers and high performance solar cells

[11]. In III-V semiconductors, the replacement of a few percent of the group V

element by small, highly electronegative and isoelectronic nitrogen atoms results

in a dramatic reduction of fundamental band gap of approximately 100 meV

per atomic per cent of nitrogen. This enables the band gap of the resulting

dilute III-V nitride alloys to be tuned to particular energies for optoelectronic

applications by changing the nitrogen content. Since only small amounts of

nitrogen are required to produce large changes in the band gap, the material,

enabling high quality alloys to be grown epitaxially and incorporated into the

existing otpoelectronics infrastructure.

During the past decade, dilute nitrides, particularly the quaternary mate-

rial system of GaInAsN have attracted a great deal of attention, both because

of unusual physical properties and potential applications in a variety of opto-

electronic devices. In this chapter we discuss the origin of the unusual physical

properties of GaInAsN. We present the issue of isoelectric impurities in semi-

conductors and the di¤erence of nitrogen from other conventional isoelectronic

impurities. We discuss the e¤ect of nitrogen bound states on conduction band

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

In order to understand the e¤ect of nitrogen on GaInAs band structure,

we have to interest in isoelectronic impurities in semiconductors. Isoelectronic

(isovalent) impurity atoms have the same outer electron con�guration as the

atoms of host crystal which they replace. Examples are germanium in silicon

and arsenic in gallium phosphide. Whereas an isovalent impurity always creates

a perturbation to the host band structure, this perturbation is usually small, hy-

bridizes with the host states and remains unnoticeable. However, if the isovalent

impurity and the atom it replaces have very distinct properties, the isovalent

impurity can create a signi�cant perturbation to the electronic charge distrib-

ution. In 1969, Dean et al. found that bismuth in GaP can bind a hole with

39:7 meV ionization energy. It was observed that an exciton can be bound to

nitrogen in GaP with total binding energy 21 meV [12], to bismuth in GaP with

binding energy 107 meV [13] and to oxygen in ZnTe with binding energy 404

meV [14]. These experiments have shown that isovalent impurities can create

bound states and can be attractive to electrons and holes. An electron (hole)

which is trapped by an isoelectronic impurity can subsequently bind a carrier

of opposite charge via coulombic interaction, therefore an isoelectronic impurity

can bind an exciton. Experimentally found that an isoelectronic impurity may

bind

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

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

� an exciton(N, O, Bi) [16].

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

centration of 1016 � 1018 cm�3. The N atoms can cause a strong perturbation

to the host band structure, create a localized impurity levels and bind excitons.

There are two main reasons of this strong perturbation; large di¤erence in atomic

size and electronegativity between nitrogen and arsenide atoms. Because a nitro-

gen atom lacks p orbitals in its core states, it is smaller and much more attractive

to electrons than arsenic. Furthermore, the Ga-P and Ga-N bond lengths di¤er-

ence leads to lattice relaxation and important local redistribution of the charge

density. The potential created by nitrogen atoms is not coulombic and has short

range interaction.
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Nitrogen impurities act as deep centers with localized potentials. Because

the wavefunctions of these centers are localized in real space, they are comprised

wavefunctions originating from many bands in a wide region of k-space and the

impurity levels are not sensitive to the positions of the conduction and valence

band edges. Thus they are not expected to shift signi�cantly in energy with a

change in composition or pressure. The presence of an impurity atom alters the

bonding-antibonding energy of the host crystal, introducing an impurity-related

deep trap state. Deep trap states with A1 symmetry tend to lie in a range of en-

ergies relative to the vacuum level that happens to be near the conduction band

edges of most semiconductors, while those with T2 symmetry are located near

the valence band edges. Assessment of the relative energy levels of these deep

states can be carried out within the Koster�Slater model using a tight-binding

basis. This generalized theory is intended to identify the broad chemical trends

in the localized levels of the impurities and is therefore e¤ective in predicting

the approximate behavior of an impurity within a host crystal. The calculations

consider the interaction of the host semiconductor with a localized potential

introduced by the impurity and can be determined by solving the subsequent

Schrödinger equation. When the defect potential is restricted to nearest neigh-

bor distances, the problem is simpli�ed to a di¤erence in s-orbital energies of

the impurity and host for A1 symmetries and p-orbital energies for T2 symme-

tries. The nature of the impurity within the host will ultimately determine the

symmetry of the deep center and consequently its location within the bandstruc-

ture of the host semiconductor. Highly electronegative isoelectronic impurities,

such as N in III�V compounds, act as weak acceptors and localize electrons in A1
states near the conduction band edge of the host. For example, the Koster�Slater

theory predicts that the N defect level is resonant with the conduction band in

GaAs. These calculations correspond quite well with experimental observations.

Oxygen in II�VI compounds behaves in a similar manner and is a bound A1 state

in ZnTe. Likewise, C is expected to lie within the conduction band of both Si

and Ge. Metallic impurities, on the other hand, act as weak donors and localize

holes in a T2 state near the valence band of the host semiconductor. For exam-

ple, the As defect level lies just above the valence band edge of GaN. Antimony

and Bi have a lower ionization energy than As as well, and their defect levels are

also predicted to lie near or within the valence bands of other III�V compounds.

These approximate trends serve as a guide to the behavior of dilute nitrides and

other moderately and highly mismatched alloys.

N impurity level can not be observed directly because it is resonant with

conduction band. Nevertheless, being its pressure dependence smaller than that

of band gap of Ga(In)As, impurity level can be placed below CB minimum



9

via hydrostatic pressure. As can be seen in �g. 2.1, when a critical value of

hydrostatic pressure is applied to the crystal, nitrogen impurity level is below

the CB minimum. Therefore, value of this level can be determined by exciton

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

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

pressure. With increasing of hydrostatic pressure, CB minimum is increasing

and impurity level is in the band gap at 8 GPa. As a result of extrapolation,

the value of nitrogen impurity level can be found as 1:65 eV above the valence

band maxima and 150 meV above the conduction band minima of GaAs [17].

The nitrogen impurity level in GaInAs is same within that of GaAs.

Binding mechanism of nitrogen isoelectronic impurities is explained in the

paper of Zhang and Ge [18] explicitly. The binding of an exciton to the nitrogen

centers is explained as a consequence of the di¤erence in electronegativity �

between nitrogen and arsenide. Because of �N � �As, nitrogen tends to bind

electron; then via the Coulomb interaction, an exciton is bound to nitrogen.

Although the nitrogen bound state is very close to the band gap, in the sense of

being able to capture an electron, it is considered as a deep acceptor [18].

When nitrogen atoms are incorporated into the GaInAs with concentration

of above 1018 cm�3, nitrogen induced band formation exists in GaInAsN and new

features appears in the semiconductor. In next section we present how nitrogen

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

Kent and his coworkers [19] review all steps during nitrogen induced band

formation phenomena in their study about pseudopotential theory of dilute III-

V nitrides. While they discuss the experimental observations which reveal the

unusual behaviour of nitrogen incorporated III-V�s, they compare the properties

of conventional isoelectronic impurities/alloys with those of nitrogen isoelectronic

impurities/alloys. When nitrogen concentration in GaInAs is lower than 0:01%,

the followings are observed;

� localized and single-impurity levels appear above the band gap. In

conventional isovalent alloys as GaInAs:P the perturbation potential of

phosphorous isovalent atoms is too weak to create a bound state. In

GaInAs:N, bound state appears as a sharp resonance above the conduc-

tion band minimum.

� because shallow impurity levels(Si in GaInAs) are constructed from the

wavefunction of the single nearest host crystal state, applied pressure

causes to change the energy of impurity levels at the same rate as the

energetically nearest host crystal state. However, the wavefunction of

nitrogen impurity levels is constructed from many bands of the host

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

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

gap. This leads to sharp photoluminescence lines.

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

occur at the same energy.

These properties of nitrogen incorporated GaInAs disappear with increas-

ing of nitrogen concentration. Furthermore, addition of nitrogen causes new

features in GaInAsN. When nitrogen concentration is higher than 0:01%

� It is observed that increase of nitrogen composition has no e¤ect on N
pair levels. The sharp emission lines due to pair levels remain at same

energy. This behaviour is chacteristics of deep transition metal impuri-

ties, but not hydrogenic impurities (like Si in GaInAs). This behaviour

is called as composition-pinning of the impurity pair energy levels and

shows that the impurities don�t interact with each other.
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At the higher nitrogen concentration, the di¤erent regions of GaInAs crys-

tal a¤ected by N clusters start to overlap. Thus, the transition from nitrogen

acting as an isoelectronic impurity to forming nitrogen-induced bands take place

at that concentration. Klar et al. [20] claim that this transformation is at 0:2%

for GaAsN. Alloy properties of Ga(In)AsN can be described with concentration

ranges as described below [19],

� Band-gap shows huge and composition-dependent optical bowing and
signi�cantly decreases with increasing N content.

� Electron mass is anomalously heavy but decreases with nitrogen concen-
tration,

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

� New energy state E+ takes place.

2.4 Band anti crossing model(BAC)

In order to obtain band structure of the semiconductors, there are empir-

ical(like k � p), semiempirical(like tight-binding, pseudopotential) and ab-initio
methods(like density functional theory). The success of a band structure cal-

culation technique is dependent on agreement of its results with experimental

observations. Ab initio and empirical techniques are generally very successful to

analyze band structure of the simple or alloy semiconductors and bulk or low

dimensional systems. Until now, to obtain the band structure properties of di-

lute nitride systems, microscopic models like tight-binding, empirical supercell

pseudopotential and k � p models have been used. Even if these models explain
some properties of dilute nitride alloys, they are not able to give a complete

explanation of the conduction band of dilute nitrides. The BAC model, despite

its simplicity when compared to fully microscopic models, successfully describes

the macroscopic behavior of the material.

As will be treated in section 3.2, BAC model provides a good explana-

tion of the huge bowing in the band gap of GaInAsN. This model describes the

composition dependence of band gap energy of GaInAsN and has been success-

fully used to describe the dependences of the upper and lower subband energies

on nitrogen concentration. The model manages to explain the basic properties

of the material and to provide analytical expressions, such as conduction band

edge dispersion relations and electron e¤ective mass. The model is based on the

interaction of the lowest conduction band with the highly localized N-induced
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energy level EN . An anti-crossing interaction of the localized N states with the

extended state of GaInAs leads to a characteristic splitting of the conduction

band into two non-parabolic subbands. The variation of band gap of GaInAsN

is calculated by BAC.

The band anticrossing is proposed as a macroscopic model to simply de-

scribe the interaction between a localized nitrogen impurity level and conduction

band. Wu et al. derived BAC model from many-impurity Anderson model. We

can also derive this model from simple perturbation theory. Let us denote the

conduction band and nitrogen states by �CB and �N . Perturbing potential due

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

H �n = E �n (2.1)

where

H = H0 + h�n j�V j�ni+
X
m6=n

jh�m j�V j�nij2

Em � En
(2.2)

In �rst order correction because h�CB j�V j�CBi = VCC and h�NN j�V j�NNi =
VNN indicate the N-N or CB-CB interactions, they can be assumed as zero. In

second order correction h�CB j�V j�Ni = h�N j�V j�CBi = VNC is the repulsion
term which gives the band anticrossing and has a value. Substituting the eq. 2.2

into eq. 2.1, we get the determinant����� EN � E VNC

VNC ECB � E

����� = 0 (2.3)

which results in the energies

E� =
1

2
(EN + ECB �

q
(EN � ECB)2 + 4V 2NC) (2.4)

The BAC is very successful to calculate the band gap of GaInAsN semiconductor.

In �g. 2.2, the variation of band gap versus In and N content is calculated by

means of using this model. As can be seen from �g. 2.2, increase of indium

concentration leads to slight reduction in band gap energy. In nitrogen-free case,

the value of band gap changes from the band gap of GaAs(1:424 eV) to that of

InAs(0:417 eV) as expected from usual alloys. However, in �g. 2.2 we see that a

little increase of nitrogen causes rapid reduction in band gap. This behaviour is

most important unusual characteristics of nitrogen incorporated alloys, because

the band gap doesn�t change linearly between those of GaN(3:299 eV)/InN(0:78

eV) and GaAs(1:424 eV)/InAs(0:417 eV).

There is a relationship between nitrogen, temperature and band gap. Ac-

cording to the experimental study of Onabe et al. [21], the band gap of GaAsN is

reduced as temperature is increased and this reduction slows down dramatically
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with small addition of nitrogen. In �g. 2.3, this behaviour can be seen for the

In concentrations of 0% and 20%:

Experiments [22] show that GaInAsN has three additional optical transi-

tions compared with GaInAs above the N concentration of 0:2%. The source of

these transitions are a new energy level E+ which is a result of nitrogen incor-

poration in crystal. Fig. 2.4 shows the behaviour of E+ and E� in GaInAsN

semiconductor alloy. This �gure illustrates the most important result of BAC

model which claims the splitting of conduction band due to nitrogen isoelectronic

impurities.

2.5 Conclusions

In summary, this chapter presents an overview of the physics behind the

unusual properties and band anticrossing model to explain electronic structure

of dilute nitrides and GaInAsN. We have seen that nitrogen atoms have strong

perturbation e¤ect on the host semiconductor "GaInAs" because of their very

di¤erent electronegativity than that of As atoms. Furthermore, the di¤erence

between the bond lengths of Ga-As(In-As) and Ga-N(In-N) causes a lattice re-

laxation and charge redistribution in the semiconductor. The di¤erences between

observed experimental properties of usual and nitride alloys also has been men-

tioned in this chapter. The derivation of band anticrossing model by means of

perturbation theory has been introduced in the last section of this chapter. Af-

ter the model has been described shortly, the �gures obtained from the band

anticrossing model has been shown.
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CHAPTER 3

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

3.1 Introduction

Recently, there has been much interest in dilute nitride compound semicon-

ductors of Ga1�xInxAs1�yNy since the incorporation of nitrogen in Ga1�xInxAs

has a profound in�uence on the electronic properties of these materials and al-

lows widely extended band structure engineering. Numerous experimental and

theoretical work have been published about the Ga1�xInxAs1�yNy on GaAs sub-

strates [23, 24, 25, 26]. For laser applications this material system has several

important advantages as compared to the most commonly used GaInAsP/InP

systems. First of all, a better high temperature performance of the laser struc-

tures is achieved due to a larger conduction band o¤set and, thus, improved

electron con�nement and decreased electron spill out at room temperature and

above, thereby minimizing the threshold current in these lasers. Secondly, the

increase of the electron e¤ective mass with the addition of nitrogen provides a

close match between the e¤ective mass values for electrons and holes, bene�cial

for laser applications. Moreover, GaInAsN gives the �exibility of tailoring in the

bandgap and an increase in the lattice parameter. Hence GaInAsN gives the

potential to produce material lattice matched or mismatched to GaAs with a

wide range of bandgap energies (from 1:5 eV to less than 0:8 eV) [27].
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GaInAsN alloy also can be grown without any strain on common sub-

strate InP. The addition of nitrogen to lattice-matched or compressively strained

GaInAs on InP results in a sizeable reduction of the band gap energy of the

resulting InP-based GaInAsN layer, accompanied by a reduction in the lattice

constant as it is similar to dilute GaInAsN on GaAs. Some reports [28, 29, 30]

demonstrated that strained and lattice-matched Ga1�xInxAs1�yNy alloys on InP

can also extend the wavelength of photonic device operation beyond that acces-

sible to the Ga1�xInxAs1�yNy/InP system. Increasing In content in Ga1�xInxAs

on InP beyond 53% results in a decrease of the band gap energy which, however,

is partially o¤set by increasing compressive strain. Adding N to Ga1�xInxAs

reduces the band gap energy even further. Moreover, the incorporation of N

compensates for compressive strain in the case of x � 0:53 and introduces ten-
sile strain in the case of x � 0:53, resulting an additional reduction of band

gap energy for both cases. There are limited works so far on the growth of

strained Ga1�xInxAs1�yNy on InP substrates [30, 31, 32, 33, 34, 35, 36] and

there is no work about the band alignment of the Ga1�xInxAs1�yNy alloys on

InP substrates up to our knowledge. Furthermore, only a few studies have been

published so far on high indium concentration (beyond 53%) Ga1�xInxAs1�yNy
on InP [30, 31, 32, 33, 34]. Gokhale et. al [30] demonstrated that strained and

lattice-matched GaInAsN alloys on InP can extend the wavelength of photonic

device operation beyond that accessible to the GaInAsP/InP system.

Although, the incorporation of nitrogen into GaInAsN allows emission

wavelengths as long as 1:55 �m to be reached [37], the optical material quality

deteriorate signi�cantly with increasing N mole fractions [38], resulting in a much

higher threshold current density of GaInAsN/GaAs lasers compared with that of

GaInAs/GaAs lasers. In order to improve the performance of GaInAsN/GaAs

quantum well lasers, the nitrogen composition of GaInAsN well should be re-

duced, although, this leads to an increased strain in the quantum wells. By

introducing a strain-compensated barrier to this system it is possible to grow

highly strained GaInAsN wells free of mis�t dislocations. In strain-compensated

QWs opposite strains are introduced in the well and barrier regions. These oppo-

site strains balance each other and the average strain in the structure is reduced.

In addition, for some laser con�gurations, such as short cavity lasers or distrib-

uted Bragg re�ector lasers, a large number of QWs may be required for optimal

performance [38]. As the number of strained QWs is increased, the total strain

in the structure accumulates and the total strained layer thickness approaches a

critical thickness at which lattice mis�t dislocations start to form [39]. In strain-

compensated QWs, the well width and the total number of wells can thus be

increased, leading to an enhanced optical con�nement. By means of introducing
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strains of opposite signs in the well and barrier layers to simultaneously vary the

o¤sets of the heavy- and light-hole states, it is also possible to reduce the mix-

ing between heavy- and light-hole states by means of spatially separating them

to di¤erent layers [40]. Experimental results [41, 42] showed that the strain-

compensated QW lasers are desirable for optical applications with low threshold

current and high e¢ ciency. In addition, strain compensation gives access to a

wider range of material composition, and thus improved possibilities to select

band-edge o¤sets tailored to speci�c needs [43]. Therefore, there has been an

interest in strain-compensated quantum well structures.

3.2 The Models

3.2.1 Band anti-crossing model

It has been reported that band anticrossing (BAC) model [44] can describe

the composition dependence of band gap energy of GaInAsN on GaAs substrates.

The recently proposed model has particular importance since, despite its sim-

plicity, it manages to explain the basic properties of the material and to provide

analytical expressions, such as conduction band edge dispersion relations and

electron e¤ective mass. The BAC has been successfully used to describe the de-

pendences of the upper and lower subband energies on nitrogen concentration.

The model is based on the interaction of the lowest conduction band with the

highly localized N-induced energy level EN , located 1:64 eV above the valence

band edge of GaAs.

It has been shown that an anti-crossing interaction of the localized N states

with the extended state of GaAs or GaInAs leads to a characteristic splitting of

the conduction band into two non-parabolic subbands [45]. The low energy edges

of the subbands are given by

E� = (EN + EM � [(EN � EM)2 + 4V 2MN ]
1=2)=2 (3.1)

where EM and EN are the energies of the extended state and of the N level rela-

tive to the top of the valence band (VB), respectively. VMN

�
= CMN

p
yeV

�
[46],

where y is the N composition) is the matrix element of the term describing the

interaction between localized N states and the extended states. The predicted

splitting of the conduction band into subbands has been con�rmed experimen-

tally [45, 44]. The nitrogen level dependence on the nitrogen composition is EN
=1:52� 3:9y [17] The conduction band energy EM of the matrix semiconductor

is taken to vary in the presence of nitrogen as EM = E0 � 1:55 where E0 is
the energy in the absence of nitrogen [17]. We have used the band anticrossing
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Material GaAs GaN InAs InP InN AlAs
ae
�
Å
�

5:6533 4:5 6:0584 5:8697 4:98 5:66
Eg (eV) 1:424 3:299 0:417 1:4236 0:78 3:09
�0 (eV) 0:34 0:017 0:39 0:108 0:005 0:28
ac (eV) �7:17 �6:71 �5:08 �6:0 �2:65 �5:6
av (eV) �1:16 �0:69 �1:0 �0:6 �0:7 �2:4
C11 (Gpa) 1221:0 293:0 832:9 1011:0 187:0 1250:0
C12 (Gpa) 566:0 159:0 452:6 561:0 125:0 534:0
b (eV) �2:0 �2:0 �1:8 �2:0 �1:2 �2:3
Ev;av �6:92 � �6:67 �7:04 � �7:49

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

model with an interaction parameter of CMN = 2:3eV [34] for indium rich highly

strained GaInAsN quantum wells on InP substrates. The interaction parameter

is an average value for high indium containing samples taken from Serries et al

[33].

For the band structures of laser systems, the material parameters except for

the band gap energies are linearly interpolated from those of the binary materials

[47] and these are tabulated in 3.1. The bulk band energy of Ga1�xInxAs1�yNy
is calculated by means of equation 3.1.

3.2.2 Model Solid Theory

The relative band alignment of the band edges between quantum well and

barrier is the total band discontinuity distributed over the conduction and valence

bands, �Ec and �Ev, respectively. The band discontinuity depends on the

semiconductors and the amount of mismatch strain at the interface. It has been

commonly accepted that the nitrogen incorporation mainly a¤ects the conduction

band states of the GaInAsN alloys leading to an increase in the conduction band

o¤set Qc , and a small discontinuity in the valence band edge [48]. According to

Van de Walle�s model solid theory [49] the band o¤set ratio for conduction and

valence band, Qc;v , is determined by discontinuity fractions of �Ec;v/�Eg . The

energy of the potential barrier, �Eg is determined from the di¤erence between

the bulk bandgap energy of the barrier layers and the strained bandgap energy

of the active layer. The e¤ects of strain in the plane of the epitaxial growth is

calculated as

" =
as � ae
ae

(3.2)
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where as is the lattice constant of substrate and ae is the lattice constant of

quaternary epitaxial layer. The conduction band position can be calculated by

simply adding the strained bandgap energy to the valence band position. The

unstrained valence band-edge of the active region material is set as the reference

energy of zero. The valence band position is given by

Ev(x; y) =

(
Ev;av(x; y) +

�0(x;y)
3

+ �Ehh(x; y); for hh (compressive strain)

Ev;av(x; y) +
�0(x;y)

3
+ �Elh(x; y); for lh (tensile strain)

(3.3)

where Ev;av(x; y) is the average valence subband energy and �0 is the spin-orbit

split-o¤ band energy. These values are obtained by linear interpolation method

where the binary values are listed in 3.1. The conduction band is shifted by the

energy �Ec(x; y)

�Ec (x; y) = 2ac

�
1� C12

C11

�
" (3.4)

the valence bands are shifted by energy, �Ehh(x, y) and �Elh(x; y)

�Ehh (x; y) = �Ps �Qs
�Elh (x; y) = �Ps +Qs

(3.5)

where

Ps = �2av
�
1� C12

C11

�
"

Qs = �b
�
1 + 2C12

C11

�
"

(3.6)

where ac and av are the conduction- and valence-band hydrostatic deformation

potentials, b is the valence band shear deformation potential and C11 and C12
are elastic sti¤ness constants. The strained band gaps can then be expressed as

Ec�hh (x; y) = Eg(x; y) + �Ec (x; y)� �Ehh (x; y)
Ec�lh (x; y) = Eg(x; y) + �Ec (x; y)� �Elh (x; y)

(3.7)

The conduction band position is

Ec(x; y) =

(
Ev(x; y) + Ec�hh(x; y); for hh (compressive strain)

Ev(x; y) + �Ec�lh(x; y); for lh (tensile strain)
(3.8)

The conduction band o¤set is given by

�Ec
�Eg

= 1� E
w
v � Ebv
Ebg � Ewg

(3.9)
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where Ewv and E
b
v are the valence band positions in the well and barrier mate-

rials, respectively, and Ewg and E
b
g are the strain adjusted bandgaps (Ec�hh, for

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

3.3 Comparison of the band alignment of

strained and strain- compensated GaInAsN

QWs on GaAs and InP substrates

In this work we concentrate on the relative band alignment of the band

edges of Ga1�xInxAs1�yNy/InP between the quantum well and the barrier which

is very important for modelling semiconductor quantum well structures. We will

present the results in the case of tensiley strained Ga1�xInxAs1�yNy quantum

wells with In concentrations of x � 0:53 which provides the possibility of reaching
TM mode emission at 1:55 �m and above in telecommunication band which is

di¢ cult to reach with standard InGaAsP strained QW structures [36]. The

GaInAsN/InP system combined with con�nement layers, such as InAsP, could

lead to the fabrication of tensile strained QW lasers as well as the development

of optical isolators requiring TM polarization [28, 29].

Furthermore, this work investigates how the unique features of GaInAsN/GaAs

and GaInAsN/InP quantum wells o¤er the best band alignment by means of us-

ing model solid theory. We also investigate the e¤ect of the strain compensation

on the band-alignments for the GaInAsN on GaAs and InP substrates. These

calculations provide the �rst clear comparison of the strain-compensated band-

alignment of the GaInAsN on two common substrates as a laser system and will

enable us to predict the e¤ect of the strain-compensation on band-o¤set energies

for quantum well laser structures. For the band structures of laser systems, the

material parameters except for the band gap energies are linearly interpolated

from those of binary materials [47, 50].

3.3.1 GaInAsN/GaAs/GaAs

We �rst present the band alignment of Ga1�xInxAs1�yNy on GaAs sub-

strates, which we consider to be a reference necessary for the understanding

of the following results derived for low In containing Ga1�xInxAs1�yNy on InP

substrates. Figure 3.1 presents the calculated band o¤set ratios (Qc and Qv)and

band o¤sets (�Ec and�Ev ) for uncompensated compressively strained Ga0:70In0:30NyAs1�y
quantum wells with GaAs barriers on GaAs substrates. The addition of N to

GaInAs causes substantial changes in the band alignments; adding N to GaInAs
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Figure 3.1: The nitrogen N concentration (in well) dependence of the conduction
and valence band o¤set ratios, Qc and Qv, (inset �gure) and the correspond-
ing conduction and valence band o¤sets, �Ec and �Ev, of the uncompensated
compressively strained Ga0:70In0:30NyAs1�y quantum wells with GaAs barriers on
GaAs substrates.
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increases the conduction band o¤set ratio Qc and decreases the valence band

o¤set ratio Qv. At �rst a rapid and then a gradual change in band o¤set ratios

have been calculated.

The corresponding band o¤sets are also shown in �gure 3.1 which illustrates

the fact that the addition of nitrogen into GaInAs leads the N-containing system

having a band alignment of that of the ideal case (deep conduction- and shallow

valence-wells) certainly. On the other hand, the addition of nitrogen deteriorates

laser parameters, so one should keep the N composition as low and low N leads

high strains. So strain compensation can be o¤ered as a solution in this novel

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

instead of GaAs barriers.

3.3.2 GaInAsN/GaAsP/GaAs

Figure 3.2 illustrates the e¤ect of compensation of the compressive strain

in the well by means of applying tensile strain in the barrier. The well is
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Figure 3.2: The variation of conduction (upper curve) and valence (lower curve)
band o¤sets, �Ec and �Ev, with nitrogen concentration which results com-
pressive strain (in well) for Ga0:70In0:30NyAs1�y quantum wells and with phos-
phorus concentration which results tensile strain (in barrier) for compensated
Ga0:70In0:30NyAs1�y / GaAsP quantum wells on GaAs substrates.

Ga0:70In0:30NyAs1�y and the barrier is GaAs1�xPx and compressive strain in the

well / tensile strain in the barrier is varied by means of increasing nitrogen N

concentration in well / phosphorus P concentration in barrier, correspondingly,
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see �gure 3.2. The uncompensated system corresponds to zero P concentration

in the barrier. Upper curve represent the variation of the conduction band o¤set

�Ec and lower curve represent the valence band o¤set �Ev with nitrogen con-

centration in well and phosphorus concentration in barrier, correspondingly, for

Ga0:70In0:30NyAs1�y quantum well. First, it should be noticed from the variations

of �gure 3.2 that �Ev (lower curve) decreases and �Ec (upper curve) increases

with increasing N concentration.

It should also to be noted from �gure 3.2 that strain compensation by

means of using GaAsP barriers instead of GaAs barriers improves the band

alignment since �Ec further increases with an increase of P concentration in

barrier. As an overall, by means of strain compensation, i.e. the increase of P

concentration in barrier, it is possible to get deeper wells, leading to much better

con�nement both in conduction and valence band. Therefore, strain compensa-

tion improves the band alignment and brings great advantageous to this laser

system of Ga1�xInxAs1�yNy on GaAs substrates.

3.3.3 InGaAs/InP/InP

We now want to compare the band alignment of Ga1�xInxAs1�yNyQWs

on GaAs substrates with that of the InP substrates. It is well known that the

Ga1�xInxAs can be grown lattice matched to InP for x = 0:535. Lowering the

indium content or introducing N into the Ga1�xInxAs induces a tensile strain.

A su¢ ciently high tensile strain will lead the light-hole, lh, band being above

that of the heavy-hole, hh, band. So fundamental transition will be due to

c1 � lh1 giving rise a TM-mode polarization emission. There are some reports
[51, 52, 53, 54] which emphasize the potential advantages of tensile strained QW

lasers in terms of threshold current density, radiative characteristics, gain and

loss mechanisms. Therefore, it is interesting to investigate the band alignment of

Ga1�xInxAs1�yNy quantum wells under tensile strain grown on an InP substrate

for 1:5� 1:6 �m emission wavelength.

We present the band alignment of conventionally tensiley strained Ga1�xInxAs

wells with unstrained InP barriers, as shown in �gure 3.3, according to the model

solid theory. As can be seen from �gure 3.3, the valence band o¤set ratio Qv is

greater than that of the conduction band o¤set ratio Qc which is not desirable

for high temperature operation. It is seen from �gure 3.3 that lowering In con-

centration of tensiley strained Ga1�xInxAs alloy decreases both conduction and

valence band o¤set at the expense of increasing the tensile strain in the well. In

addition, the valence band o¤set �Ev is greater than the conduction band o¤set

�Ec.
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Figure 3.3: The indium concentration (in well) dependence of the conduction
and valence band o¤set ratios, Qc and Qv, (inset �gure) and the corresponding
the conduction and valence band o¤sets, �Ec and �Ev, of the tensiley strained
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The right-hand-side of the y�axis of �gure 3.3 shows the energy di¤erence
between the transition energies of c1� lh1 and c1�hh1 from the respective band
edges. The negative energy di¤erence shows that the polarization transition is

TM since light-hole band lies above the heavy-hole band.

3.3.4 GaInAsN/InP/InP
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Figure 3.4: The variation of the conduction and valence band o¤sets, �Ec and
�Ev, with indium concentration and tensile strain (in well) for uncompensated
Ga1�xInxN0:02As0:98 /InP QWs on InP substrates. RHS of the y-axis shows the
energy di¤erence between the transition energies of c1 � lh1 and c1 � hh1 from
the respective band edges.

The introduction of N to the well of Ga1�xInxAs improves the band align-

ment on InP substrate signi�cantly ; �Ec becomes greater than �Ev as shown in

�gure 3.4. The nitrogen concentration is held �xed at 2:5%. It is clear from �gure

3.4 that increases rapidly and �Ev decreases with decreasing In concentration,

i.e. by means of increasing tensile strain in the QW.

The comparison of �gure 3.4 with that of �gures 3.1-3.3 reveals the fact

that tensiley strained Ga1�xInxAs1�yNy quantum wells on InP substrates have a

deeper conduction well than that of the compressively strained Ga1�xInxAs1�yNy
quantum wells on GaAs substrates.
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3.3.5 GaInAsN/InAsP/InP

In order to have much deeper conduction wells than that of the valence

band one should keep the In concentration as low as possible, and this leads to

the problem of the critical thickness due to the high tensile strain in the well.

Therefore we consider a strain compensated laser device of GaInAsN/InAsP/InP;
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Figure 3.5: The calculated variation of the conduction and valence band o¤sets,
�Ec and �Ev, with arsenide concentration and compressive strain (in barrier)
for compensated Ga0:90In0:10N0:03As0:97 / InxAs1�xP / InP laser system.

the well composition is held �xed with a 10% In and 3% N and the arsenide

concentration of the barrier of InAsP is varied. This results a compressive strain

in the barrier to compensate the tensile strain in the well. Figure 3.5 illustrates

the e¤ect of the strain compensation on the band alignment for this laser system;

the valence band o¤set ratio Qc is being greater than that of the conduction

band o¤set ratio Qv for the stated range of As concentration and both �Ec
and �Ev increases with increasing As concentration. It is seen from �gure 3.5

that compensation decreases the Qc and increases the Qv value. Therefore the

compensation can be thought as to bring disadvantageous to this laser system.

Fortunately, this is not the case. Although Qc and Qv show opposite trend

with compensation, both conduction- and valence-band o¤sets increases with

compensation, as shown in �gure 3.5.

This strange behaviour of the increase of Qv with decreasing Qc can be

explained as follows; the variation of the conduction band o¤set is a result of
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the combined e¤ect of the variation of Qc and �Eg since �Ec = Qc �Eg and

�Eg is the di¤erence of the strained bandgap of the barrier and well. The rapid

increase in with As concentration eliminates the e¤ect of the decrease in Qc with

increasing As concentration and as an overall results an increase in �Ec with

increasing As concentration. So compensation again can be considered a solution

to balance the tensile strain in the well of GaInAsN alloy on InP substrates as

in the case GaAs substrates.

3.4 Analysis of the band alignment of highly

strained indium-rich GaInAsNQWs on InP

substrates

We concentrate on the band alignment of indium rich highly compressively

strained GaInAsN quantum wells on InP substrates which allows an emission

wavelength of 2:3 �m by means of using the model solid theory. Our chosen

structures will be those of the structures proposed by Köhler et. al [34] who

demonstrated that long wavelength emission beyond 2 �m can be achieved by

means of Ga0:22In0:78N0:01As0:99 well with lattice-matched In0:52Al0:48As barriers

and Ga0:22In0:78N0:01As0:99 well with lattice-matched Al0:15Ga0:32In0:53As barrier

quantum well laser structures.

3.4.1 InGaAs/InP/InP

We �rst present the band alignment of nitrogen free Ga1�xInxAs QW on

InP substrate in order to provide a comparison of the band alignment of in-

dium rich highly compressively strained Ga1�xInxAs1�yNy QWs on InP sub-

strates by means of model solid theory. Figure 3.6 presents the band alignment

of Ga1�xInxAs with InP barrier. As can be seen from Figure 3.6, the valence

band o¤set ratio Qv is greater than that of the conduction band o¤set ratio Qc
for the whole range of the indium concentration which is not desirable for high

temperature operation. It is seen from �gure 3.6 that increasing indium concen-

tration of unstrained and strained Ga1�xInxAs alloy increases the conduction-

and decreases the valence-band o¤set ratio. The Ga1�xInxAs alloy on InP sub-

strate is compressively strained in the case of x � 0:53 and tensile strained in

the case of x � 0:53.
The rate of change band o¤set ratio is di¤erent for tension and compres-

sion. It is also seen from �gure 3.6 that valence band o¤set �Ev is being greater

than that of the conduction band o¤set �Ec for the whole range of indium
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concentrations. Similar calculations have been obtained using lattice-matched

GaInAsP and InGaAlAs barriers. It should be noticed from �gure 3.6 that the

wells get deeper in the case of the compressive strain (x � 0:53) than that of the
tensile strain (x � 0:53). In addition, although Qv and Qc show opposite trend,
see �gure 3.6, with an increase in indium concentration both conduction- and

valence-band o¤sets increase with indium concentration. This strange behaviour

of the increase of �Ev with decreasing Qv can be explained as follows; the vari-

ation of the valence band o¤set �Ev is a result of the combined e¤ect of the

variation of the valence band o¤set ratio Qv and the di¤erence of strained band

gap of the well and barrier �Eg according to �Ev = Qv�Eg. The rapid increase

in with indium concentration eliminates the e¤ect of the decrease in Qv with

increasing indium concentration and results an increase in �Ev with increasing

indium concentration as an overall. The right-hand-side of the y�axis of �gure
3.6 shows the energy di¤erence between the transition energies of c1 � lh1 and
c1� hh1 from the respective band edges. The negative energy di¤erence shows

that the polarization transition is TM since light-hole (lh) band lies above the

heavy-hole (hh) band for tensile strain whereas the positive energy di¤erence

shows that the polarization transition is TE since heavy -hole band lies above

the light -hole band for compressive strain.

3.4.2 GaInAsN/InP/InP

We want to illustrate at this point how the introduction of N to the well of

Ga1�xInxAs containing more than 53% indium improves signi�cantly the band

alignment on InP substrate with InP barriers holding the N concentration being

greater than 1:5%. As shown in �gure 3.7, �Ec increases quickly whereas �Ev
increases slightly with N concentration and�Ec becomes greater than�Ev when

N � 1:5%.
It is also seen from �gure 3.7 that both wells get deeper with increasing

indium concentration. Therefore, in order to achieve long wavelength emission

of 2:3 �m and more by means of growing GaInAsN on InP with an indium

concentration being greater than 0:535, one should keep the N � 1:5% from the

band alignment point of view to have high temperature characteristics.

3.4.3 GaInAsN/InAlAs/InP

Köhler et. al [6] demonstrated the growth of Ga0:22In0:78N0:01As0:99 wells

with two di¤erent lattice�matched barriers of In0:52Al0:48As and Al0:15Ga0:32In0:53As

for long wavelength emission up to 2:3 �m. Figure 3.8 shows our calculated re-

sults of the band alignment of Ga0:22In0:78NyAs1�y well with In0:52Al0:48As bar-
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riers. As can be seen from �gure 3.8, �Ec is slightly greater than �Ev for the

low values of nitrogen. �Ec increases rapidly and �Ev decreases slowly with an

increase of nitrogen and the di¤erence gets bigger for larger nitrogen concentra-

tions.

3.4.4 GaInAsN/AlGaInAs/InP

Figure 3.9 shows the band alignment of the same QW with a lattice-match

quaternary barrier of Al0:15Ga0:32In0:53As. It can be seen from �gure 3.9 that�Ec
becomes smaller than �Ev in the case of the quaternary barrier for low nitrogen

concentrations. This brings a disadvantage for the con�nement of electrons and

results poor temperature characteristics. Therefore, the ternary barrier should

be preferred compared to the quaternary barrier. On the other hand, conduction

band o¤set gets deeper with increasing N concentration in both laser structures

of ternary and quaternary barriers.

We would like to point out at this point that, �gure 3.8 illustrates how the

band alignment of the growth of GaInAsN QW containing more than 53% indium

with lattice matched In0:52Al0:48As barriers on InP substrates compete with the

unique band alignment of GaInAsN quantum wells on GaAs substrates. There-

fore, Ga0:22In0:78N0:01As0:99 well with In0:52Al0:48As barrier on InP substrates can

be o¤ered as a laser system having the ideal band alignment.

3.4.5 InGaAs/InAlAs/InP

We now show how the incorporation of nitrogen into GaInAs with lattice-

matched In0:52Al0:48As barrier brings the system having an ideal band alignment

although nitrogen free counterpart doesn�t have an ideal band alignment. For

nitrogen free Ga1�xInxAs QW with In0:52Al0:48As barrier both conduction- and

valence-wells have similar depths as shown in �gure 3.10. The introduction of

nitrogen into Ga1�xInxAs reduces the energy band gap signi�cantly causing the

system having a band alignment of that of the ideal case.

Figure 3.11 compares the substrate dependence of strain as a function of

nitrogen and indium concentration in Ga1�xInxAs1�yNy QW on GaAs and InP

substrates. Compressive strain decreases with increasing nitrogen concentration

whereas it increases with increasing indium concentration for both substrates of

GaAs and InP.

This �gure reveals the fact that the growth of indium rich Ga1�xInxAs1�yNy
QW can only be possible on InP substrates since high indium results very high

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

well.

3.5 Conclusions

The design of GaInAsN based devices requires a deep knowledge of the

alloy�s electronic properties and a development of accurate models. Band align-

ment of the QWs is one of the important properties while modelling the QW

structures since this property determines the high temperature performance of

the laser structures. Therefore, �rst part of this work presents theoretical cal-

culations to compare the band alignments of the N-free and N-included laser

devices on GaAs and InP substrates emitting in the neighborhood of 1:3 �m

and 1:6 �m. Our calculations indicate that the band alignment of the N-based

conventionally strained QW laser systems on InP is better than that of the GaAs

substrate and both substrates provide deeper conduction wells. Therefore, tensi-

ley strained Ga1�xInxAs1�yNy quantum wells with In concentrations of x � 0:53
on InP substrates can be used safely from the band alignment point of view when

TM polarization is required. The introduction of opposite strain to the barrier

in N-based lasers on both GaAs and InP substrates not only result deep electron

wells but also cause the electron wells being much deeper than that of the hole

wells which is essential to have good high temperature characteristics. Therefore,

these calculations enlighten the intrinsic superiority of N-based lasers and o¤er

conventionally strained the strain-compensated N-based laser system on GaAs

and InP substrates as ideal candidates for high temperature operation.

It has been stated [30, 31, 32, 33, 34] that long wavelength emission of 2:3

�m can be achieved by means of growing GaInAsN on InP keeping the indium

concentration being greater than 0:535 which results compressive strain in con-

junction with typical 1�2 % N to compensate the excess strain plus additionally
lowering the band gap energy. In second part of this work we examine the band

alignment of these long wavelength laser systems of which no work has been re-

ported up to our knowledge. Our calculations indicate that the band alignment

of N-based conventionally strained QW laser systems on InP with high indium

concentration (beyond 53%) compete with the ideal band alignment of GaInAsN

/ GaAs lasers. Therefore, compressively strained Ga1�xInxAs1�yNy quantum

wells with indium concentrations of x � 0:53 on InP substrates can be used

safely from the band alignment point of view when long wavelength emission of

2:3 �m is required.
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CHAPTER 4

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

4.1 Introduction

The rapid growth of optical communication networks in the last decade

has created a signi�cant demand for low-cost, high-performance semiconductor

laser sources for the 1:3 �m and 1:55 �m wavelength regimes. Currently, only

the 1:3 �m InGaAsP/InP vertical-cavity surface-emitting diode lasers (VCSELs)

seem to close to a commercial availability [55] for the wavelength (1:3 �m and 1:5

�m) optical �bre communication. However, the manufacturing of InGaAsP/InP

VCSELs is too expensive and troublesome to become lasing carrier sources in

the mass optical-�bre communication. On the other hand, GaAs-based devices

are regarded as extremely reliable; their technology is well known and relatively

simple. Therefore, much research has been devoted to creating long-wavelength

VCSELs on GaAs substrates to leverage the mature AlAs oxidation techniques

[56] as well as the large refractive index contrast of GaAs/AlGaAs distributed

Bragg re�ectors. The GaInAsN material system has generated the most interest

as an active material for long-wavelength VCSELs on GaAs substrates primarily

because of the large band gap bowing which results from adding relatively small

amounts, 1% of nitrogen N [57]. Many researchers have demonstrated 1:3 �m

VCSELs using GaInAsN as the active material [58]. However, there are still es-

sential problems to reach 1:55 �m emission with these devices. To achieve such a

long wavelength emission with GaInAsN/GaAs QWs, the indium concentration

should exceed 38% with the high N concentration of about 5%. Because of dif-

ferent crystal structures of GaInN and InGaAs, small sizes of N atoms compared
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with arsenide As ones and the high electronegativity [59], such a high N concen-

tration leads to creation of many nonradiative centres in the active layer which

essentially makes reaching lasing threshold di¢ cult. On the other hand, some

In segregation, disordering a layer growth and optical degradation of a semicon-

ductor crystal, would follow it. This problem can be overcome in new quinary

QW system of GaInAsNSb/GaNAs [59]. It has been recently shown by several

groups that the addition of antimonite Sb to the GaInAsN system extends the

QW emission wavelength up to 1:55 �m . The photoluminescence properties

of 1:5 �m range GaInAsNSb/GaNAs QWs are quite comparable to the 1:3 �m

QWs, revealing the positive e¤ect of Sb on improving the optical quality of the

QWs. Incorporating Sb to form a quinary GaInAsNSb alloy enables an essential

improvement in the quality of semiconductor layers for over 1:5 �m emission be-

cause Sb (i) acts as a surfactant, improving the surface kinetics thus maintaining

two-dimensional growth under high surface stress, (ii) incorporates into the lat-

tice of GaInAsN, shrinking the band gap, and (iii) enhances the di¤erential gain

of a laser. All these e¤ects indicate that a quinary QW might be suitable for

1:4� 1:5 �m lasers. In addition, it has been shown that the surfactant e¤ect of

Sb in the GaInAsN system [60] enables the growth of GaInAsN quantum wells

QWs beyond the calculated critical thickness [61]. The surfactant properties of

Sb have also enabled the growth of coherently strained QWs with higher In com-

positions, 40% which are necessary for reaching the 1:55 �m wavelength range

[62].

Most attention to date has been focused on Ga1�xInxAs1�yNy quantum

wells (QWs) on GaAs substrates. Recently, some reports [29, 30] demonstrated

that strained and lattice-matched Ga1�xInxAs1�yNy alloys on InP can also ex-

tend the wavelength of photonic device operation beyond that accessible to the

Ga1�xInxAs1�yNy / GaAs and InGaAsP / InP system [30]. Increasing In con-

centration in InxGa1�xAs on InP beyond 53% results in a decrease of the band

gap energy which, however, is partially o¤set by increasing compressive strain.

Adding N to InxGa1�xAs reduces the band gap energy even further. Moreover,

the incorporation of N compensates for compressive strain in the case of x > 0:53

and introduces tensile strain in the case of x � 0:53, resulting an additional re-
duction of band gap energy for both cases. It has been stated that tensiley

strained Ga1�xInxAs1�yNy quantum wells with In concentrations of x � 0:53

provides the possibility of reaching TM mode emission at 1:55 �m and above

in telecommunication band which is di¢ cult to reach with standard InGaAsP

strained QW structures [36]. GaInAsN/InP system combined with con�nement

layers, such as InAsP, could lead to the fabrication of tensile strained QW lasers

as well as the development of optical isolators requiring TM polarization [28, 29].
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In addition, GaInAsN on InP have been proposed as an optical source for spec-

troscopy instead of the InGaAsP material system [32].

It is known that the molecular beam epitaxy growth of strained zincblende

materials on f111g orientation shows some interesting properties. In particular,
strained QWs grown in these orientations are piezoelectric [63] such that their

optical transitions are red-shifted relatively to the (001) ones. The f111g strained
layers also show larger critical thicknesses for strain relaxation compared to (001)

oriented ones [64]. These two properties make it possible achievement of strained

QWs emitting at longer wavelength than for (001). Blanc et al [65] has shown

that the growth orientation has a great in�uence on the structural and optical

characteristics of N diluted alloys, and the use of alternative growth orientations

could help to get a better insight into the peculiar properties of these materials,

which open a new challenge to GaAs optoelectronics.

The use of mismatched epitaxial layers allows much greater freedom in de-

signing heterostructure devices with desired characteristics. In a strained QW

system a deformation potential due to the built-in strain modi�es the band gap

energy. To obtain high optical quality structures, pseudomorphic growth is nec-

essary. However, pseudomorphic growth is possible only for a layer thickness less

than the so called critical layer thickness hc. If the lattice mismatch between the

epilayers and substrate is small and the layer is thin, the mismatch is accommo-

dated by strain in layer. In the case, when the mismatch or the layer thickness

is increasing, the formation of mis�t dislocation at substrate-layer interface is

energetically favourable. However, lattice relaxation via mis�t dislocation de-

grades the quality of the material in terms of reduced carrier lifetime, reduced

radiative e¢ ciency, and reduced carrier mobility. Thus, the critical layer thick-

ness hc of the strained layer is one of the most important material parameters

that we have to consider when we utilize the built-in strain in lattice mismatch

systems. Little work has been done in terms of strain relaxation in dilute nitride

QWs [66], although one might expect that N would increase the critical thick-

ness of InGaNAs. The addition of impurities has often been found to reduce the

rate of plastic deformation in crystalline material. Nitrogen is found to reduce

the rates of deformation of �oat-zone Si wafers by di¤using to dislocation cores

and pinning dislocations [67]. Strain relaxation in tensile strained GaAsN/GaAs

and GaPN/GaP epilayers (N< 2%) have higher critical thicknesses compared to

similar mismatched systems including GaP/Si [68], a result also attributed to

dislocation pinning at N atoms and to hardening of lattice due to Ga-N bonds.

Both surface reconstruction and surface strain relief depend on the substrate

crystalline orientation and it has been claimed that surface reconstruction and

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

[70].

Although lots of e¤orts have been concentrated on the e¤ects of N on

the electronic properties, little work has been done on the e¤ects of N-induced

critical layer thickness and no work on the e¤ects of Sb-induced critical layer

thickness up to our knowledge. It would be then of a great interest to present

a comprehensive investigation of critical layer thickness hc taking into account

the orientation and substrate dependence of the new quinary laser system of

GaInAsNSb QW starting from the ternary InGaAs with an emission wavelength

of 1:1 �m.

4.2 Theoretical models

4.2.1 Force balance model of Matthews and Blakslee

for hc

In lattice-matched heterostructure systems, the number and the thickness

of quantum wells in the structure is not a design constraint. In a strained layer,

lattice-mismatched system, however, the elastic accommodation of the strain en-

ergy associated with the mismatch, without the formation of mis�t dislocations,

must be considered [71, 72]. A strained overlayer is thermodynamically stable

for thicknesses h < hc, while for h > hc it is energetically preferable to relieve

the strain via the formation of dislocations. The critical layer thickness hc can

be de�ned in terms of elastic constants of the materials. Predicted and exper-

imentally determined hc�s are strongly dependent on the models, experimental

methods, and growth conditions [73, 74, 75, 76, 77, 78, 79]. The subject has

been extensively investigated through the works [80, 81, 82, 73] and shown that

the reports are in agreement with Matthews and Blakeslee equilibrium theory

[80, 81]. Therefore, we use the simple and reasonable force balance model of

Matthews and Blakeslee [73] which is derived from the study of Van der Merve

[74] to determine the hc of single strained quantum well throughout our inves-

tigation. Matthews and Blakeslee calculate the critical thickness for layers in a

superlattice having as equal elastic constants:

Bbhc"0 cos � = Db
�
1� � cos2 �

� �
ln

�
hc
b
+ 1

��
(4.1)

where B and D are constants concerned with elasticity de�ned below, b is the

amplitude of the Burgers vector which is de�ned as b = ap
2
for (001) and (111)

orientations. � is Poisson�s ratio, � = C12= (C11 + C12) and "0 is the mis�t
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a0 (A

0) C11 (GPa) C12 (GPa) C44 (GPa)
GaAs 5:6533 1221:0 566:0 600:0
InAs 6:0584 832:9 452:6 395:0
GaSb 6:09059 884:2 402:6 432:2
InSb 6:4794 684:7 373:5 311:1
GaN 4:5 293:0 159:0 155:0
InN 4:98 187:0 125:0 86:0

Table 4.1: The sti¤ness and lattice constants of binary compounds.

strain which is de�ned simply as "0 =
��4a
a

��and a is the lattice constant of the
strained layer. � is the angle between the slip direction and that direction in

the interface which is perpendicular to the line of intersection of the slip plane

and the interface, while � is the angle between the dislocation line and the

Burgers vector. The value of cos � is 1
2
and 1

2
p
3
for (001) and (111) orientations,

respectively. The expressions for the coe¢ cients � , B, G and D for (001) and

(111) orientations are listed in table 4.1. Table 4.2 presents the binary material

parameters for the related binaries.

4.2.2 Interpolation method for the quinary alloy

To calculate the lattice constant, elastic sti¤ness constants and the related

parameters we use the linear interpolation of the experimentally determined val-

ues of the binary alloy. A bowing parameter C is usually included in the inter-

polation of the band parameter P for ternary alloys to account for the deviation

from the linear interpolation between two binary alloys A and B:

P (A1�xBx) = (1� x)P (A) + xP (B)� x (1� x)C (4.2)

For most III � V alloys e.g., the alloy bandgap is typically smaller than the

linear interpolation result and so C is positive. A non-zero bowing parameter,

Cp, may be included to account for non-linearity in a parameter, P , in a similar

fashion to the band gap bowing parameter. For quaternary alloys of the form

DxE1�xFyG1�y (two column III elements, D and E, and two column V elements,

F and G), a weighted average of the four ternary alloys: DEF, DEG, DFG, EFG

is used and additional bowing is neglected:

PDEFG=
x(1�x)(1�y)PDEG+xy(1�x)PDEF

x(1�x)+y(1�y) +
y(1�y)(1�x)PEFG+xy(1�y)PDFG

x(1�x)+y(1�y)
(4.3)

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

and not a ternary. For the quinary D1�xExFyG1�y�zHz with a third column V
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(001) (111)

� C12
(C11+C12)

(C11+2C12�2C44)
2(C11+2C12+C44)

B (C11+2C12)(C11�C12)
C11

6(C11+C12)C44
(C11+2C12+C44)

G (C11�C12)
2

C44
D G0GSb

2�(G0+GS)(1��)
G0GSb

2�(G0+GS)(1��)

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

element, H, the average can be expressed in terms of the nine ternary alloys [82]

and additional bowing is neglected:

PDEFGH =

P
cijkPijkP
cijk

(4.4)

where P
cijkPijk = xy (1� x)PDEF + x (1� x) (1� y � z)PDEG

+xz (1� x)PDEH + xy (1� y � z)PEFG
+xyzPEFH + xz (1� y � z)PEGH

+y (1� y � z) (1� x)PDFG + yz (1� x)PDFH
+z (1� y � z) (1� x)PDGH

(4.5)

P
cijk = xy (1� x) + x (1� x) (1� y � z)

+xz (1� x) + xy (1� y � z)
+xyz + xz (1� y � z)

+y (1� y � z) (1� x) + yz (1� x)
+z (1� y � z) (1� x)

(4.6)

where are the fractional composition components, e.g. cijk = xy (1� y � z) for
EFG and the ternary parameter PEFG is calculated for the same F:G ratio as

was present in the quinary. Again, it is necessary that at least one of x, y or z

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

4.3 InGaAs QW on GaAs and InP substrates

for (001) and (111) orientation

The emission wavelength of InGaAs/GaAs QW lasers was limited to 1:1

�m for a long time. Due to the constraints of high strain and limited critical

thickness, the optical quality of InGaAs/GaAs QWs degrades rapidly when the

indium concentration is higher than 0:35. To get high quality and un-relaxed

InGaAs/GaAs QWs with high indium concentration, great care must be taken
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Figure 4.1: The calculated variation of the critical thickness of InxGa1�xAs QW
versus In concentration on GaAs substrates for (001) and (111) growth orienta-
tions. Dashed- and solid line represents the variation for (001) and (111) growth
orientations, correspondingly. The inset �gure shows the magnitude of strain
versus In concentrationon GaAs substrate. Closed and open dots represents the
experimental values.
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experimental values.
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with respect to the control of the growth condition. Jiang et al [83] has shown

that by optimizing the growth conditions, especially by using Sb as a surfactant

at low temperature it has been successful to grow highly strained InGaAs/GaAs

QWs and extend the emission wavelength to nearly 1:25 �m with a high lumi-

nescence e¢ ciency at RT. The highly strained InGaAs/GaAs QW laser whose

operating wavelength reaches a little beyond 1:2 �m is still a promising candi-

date for laser applications due to the relatively simple and mature techniques

[84, 85, 86]. Moreover, the proper growth control of highly strained InGaAs QW

growth is also an important step for the optimization of GaInAsN QW lasers.

It is well known that InxGa1�xAs can be grown to lattice-matched to InP

for x = 0:535. Lowering the In concentration of the alloy induces a tensile

strain. A su¢ ciently high tensile strain will lead to a e1� lh1 fundamental tran-
sition, giving rise to TM-mode polarization emission. The potential advantages

of tensile-strained QW lasers (in terms of threshold current density and loss

mechanisms) were predicted more than ten years ago [52, 53]. Therefore, in this

section we present the orientation and substrate dependence of the critical thick-

ness hc of InxGa1�xAs QW by means of Matthews and Blakeslee force balance

model.

It is known that the hc of InxGa1�xAs QW decreases rapidly with

increasing In concentration due to the increase in compressive strain on GaAs

substrate for both (001) and (111) orientation, see Figure 4.1.The experimen-

tal results [87, 88] for (001) orientation is presented in �gure 4.1 and 4.2. hc is

enhanced on (111) orientation as shown in �gure 4.1 and is seen that the calcu-

lated results are in good agreement with experiment. hc is in the order of 80 A0

on (001)- and 150 A0 on (111)-orientation for an indium concentration of 0:35.

The calculated critical thickness on (111) is about two times larger than that

on (001) over the entire indium concentration. This di¤erence is mainly caused

by the di¤erent � value between (001) and (111) directions; i.e., cos � = 1=2 for

(001) and cos � = 1=2
p
3 for (111). This means that the force acting to form the

mis�t dislocation is
p
3 times smaller for (111), thus resulting in wider critical

thickness hc. The enhancement of the critical layer thickness allows an increase

of the In concentration in (111) strained InxGa1�xAs quantum well lasers, which

could in principle lead to emission at longer wavelengths on (111) substrates than

that of (001) substrates.

Figure 4.2 presents the calculated hc of InxGa1�xAs QW on InP sub-

strate. The corresponding strain values are also provided (top x-axis) in �gure

4.2. InxGa1�xAs is lattice-matched to InP for an indium concentration of 53%.

InxGa1�xAs on InP introduces compressive strain in the case of x > 0:53 and

tensile strain in the case of x � 0:53. As can be seen from �gure 4.2, hc decreases
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with increasing tensile and compressive strain; rapid reductions are calculated

for the compressive strain side due to the larger magnitude of strain. The agree-

ment with experimental results are also obtained on an InP substrate. The close

investigation of �gure 4.2 reveals the fact that indium-rich InxGa1�xAs QW can

be grown on InP substrate. This leads to reach the longer emission wavelength

than that of the InxGa1�xAs QW grown on GaAs substrate. It is also clear that

the constraint of critical thickness and high strain is eliminated when InGaAs

QW is grown on InP substrate. We have found that the e¤ect of the elastic con-

stants on the critical thickness is negligible and the concentration dependence of

hc is mainly governed by the lattice mismatches.

4.4 GaAsSb QWonGaAs and InP substrates

for (001) and (111) orientation

The prospect of realizing active layers for 1:3 �m lasers on GaAs substrate

are of special technological interest for making vertical cavity surface-emitting

laser (VCSEL) devices [89]. For this purpose, the strained GaAsSb is a potential

candidate as demonstrated by Anan et al [90]. GaAsSb QWs grown on GaAs sub-

strates, with an antimonite fraction of approximately 30% emit at wavelengths

near 1:3 �m. However, the critical layer thickness of GaAsSb is limited [91] due

to its large lattice mismatch with GaAs substrates and the higher concentration

of Sb in GaAsSb/ GaAs QW is normally hard to be available for high quality

device structures.

It has been stated by Tian et al [92] that the calculated critical thickness

of GaAsSb layer on GaAs substrate by force balance model is in good agreement

with experimental reports.

We therefore provide in this section the comparison of the critical layer

thickness with the incorporation of antimonite Sb into GaAs on GaAs and InP

substrates by means of force balance model. Figures 4.3 and 4.4 shows the

calculated critical thickness of GaAsxSb1�x as a function of Sb concentration on

GaAs and InP substrates for both (001) and (111) orientations. The experimental

results [91, 93] are also provided. The critical thickness decrease accordingly

with increasing compressive strain on GaAs substrate. It also decreases with

increasing compressive and tensile strain on InP substrate. The comparison of

�gures 4.1 and 4.2 with that of the �gures 4.3 and 4.4 shows that the critical

thicknesses of InxGa1�xAs QW and GaAsxSb1�x QW are quite similar. This

is due to the fact that the magnitudes of strains in both ternaries are almost

equivalent for layers grown on GaAs and InP substrates. However, the ternary
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versus In concentration on InP substrates for (001) and (111) growth orienta-
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orientations, correspondingly. Closed squares represents the experimental values
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GaAsxSb1�x has a higher bowing coe¢ cient than that of InxGa1�xAs. As a

consequence, for 0 < x < 0:5, GaAsxSb1�x has a lower bandgap than InxGa1�xAs

[94]. Keeping in mind that the magnitudes of strains in both ternaries are almost

equivalent for layers grown on GaAs and InP substrates, longer wavelength can

be achieved with GaAsxSb1�x than that of the InxGa1�xAs QW for the same

magnitude of strain. This brings an advantage for the hc since a �xed emission

wavelength can be obtained for lower concentration of Sb in GaAsxSb1�xQW

with respect to that of the In in InxGa1�xAs. Therefore, the constraint of critical

thickness is improved for GaAsSb QWs compared to that of the InGaAs QWs

allowing to use the wider QWs for GaAsSb structure safely.

4.5 Ga1�xInxAs1�yNySbz QW on GaAs and

InP substrates for (001) and (111) orienta-

tion

In this section we will concentrate on the hc of Ga1�xInxAs1�yNy on GaAs

and InP substrates which is very important for modelling semiconductor quan-

tum well structures. We �rst want to show the validity of Matthews and Blakeslee

model to obtain hc when N is incorporated to GaAs. Fig. 4.5 presents the com-

parison of calculated hc with that of the experimental results [95]. The force

balance model can be said to be in agreement with the experimental results in

the case of incorporation of N into GaAs. We then present in �gure 4.6 and 4.7

the calculated variation of GaInAsN QW grown on GaAs and InP substrate as

a function of indium concentration for various nitrogen concentrations on (001)

orientation (upper group of curves). First of all, the substrate dependence is

similar to previous diagrams i.e. hc decreases with increasing In concentration

when GaInAsN QW is grown on GaAs substrate (�g. 4.6) and hc decreases

with increasing tensile and compressive strain when GaInAsN QW is grown on

InP substrate (�g. 4.7). Secondly, our calculations clearly illustrate that hc of

GaInAsN QW on GaAs substrate increases slightly with increasing N concen-

tration due to the strain compensating e¤ect of N. Finally, the N dependence

of hc of GaInAsN QW on InP substrate shows di¤erent behaviour for low in-

dium (~x < 0:53) which results tensile-strain and high indium (~x � 0:53) which
results compressive-strain; hc as a function of In concentration decreases with in-

creasing N concentration on the low In side whereas it increases with increasing

N concentration on the high In side. The critical thickness hc on InP substrate

is much larger than that of the critical thickness on GaAs substrate for high

In concentration. It is clear from this �gure that the growth of indium rich
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Figure 4.5: The calculated variation of the critical thickness of GaAs1�xNx QW
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Ga1�xInxAs1�yNy QW can only be possible on InP substrates due to the large

critical thickness allowing to reach longer wavelengths than that of the GaAs

substrate.
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Figure 4.6: The calculated variation of the critical thickness of
Ga1�xInxNyAs1�y�zSbz QW versus In concentration on GaAs substrates
for (001) and (111) growth orientations. Dashed- and solid line represents the
variation for (001) and (111) growth orientations, correspondingly. Closed dots
represents the experimental values.

We also present in �g.�s 4.6 and 4.7 an investigation of the e¤ect of the

antimonite on critical thickness of GaInAsN alloys with widely varying compo-

sitions of antimonite, indium and nitrogen. Fig 4.6 and 4.7 presents a detailed

study of the interactions between these atoms to help an understanding of the

role of antimonite in hc in dilute nitride materials. The combined e¤ect of In,

Sb and N can be summarized when the compressively strained GaInAsNSb QW

is grown on GaAs substrate as;

(1) In concentrations cause faster reductions in hc.

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

compared to that of the In concentration.

(3) N concentrations cause an increase in hc when the compressively strained

GaInAsNSb QW grown on GaAs substrate.

When the GaInAsNSb QW is grown on InP substrate;
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(1) In concentrations cause faster reductions in hc for both increasing tensile

and compressive strain.

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

cause an increase in hc on tensile side.

(3) N concentrations cause an increase in hc on compressive side and a de-

crease in hc on tensile side. Although the e¤ect of Sb and N are reserved

on tensile and compressive side, it is clear from 4.7 critical thickness

values are greatly improved except for low- and too high indium concen-

trations in GaInAsNSb on InP substrates.

4.6 Conclusions

Long wavelength semiconductor lasers in the range of 1:3 �m � 1:55 �m
are very important sources for optical �ber communication. Due to the highly

nonlinear e¤ects of N on band gap of the InGaAs grown on GaAs substrate,

N is incorporated in InGaAs to decrease the band gap and make GaInAsN a

suitable material for long wavelength semiconductor laser diodes at 1:3 �m�1:55
�m . Before the development of GaInAsN, it was impossible to obtain these

wavelengths from a coherently grown material on GaAs due to the very high

strain in the active region.

Since GaInAsN system has been proposed as a material for 1:3 �m emitting

lasers on GaAs substrate, it has been realized that the optical quality of the

material deteriorates due to a restriction in the optimal growth parameters when

the nitrogen concentration is above 2:5%. The degradation results in a higher

threshold current density for lasers. Recently, GaInAsNSb has been found to be a

potentially superior material to GaInAsN for long wavelength laser applications.

It has been explored that the addition of Sb to the GaInAsN system improves

the crystal quality. In addition, the introduction of Sb atoms to the GaInAsN

compound is an approach to shift the laser emission wavelength of GaInAsN

system to 1:55 �m . This makes it possible to obtain low bandgap energy at a

relatively low nitrogen concentration.

Enormous progress has been achieved in GaInAsN semiconductor alloy on

GaAs substrate for both its fundamental properties and its potential applications

for 1:3 �m � 1:55 �m lasers. In contrast to this large amount of work reported

on dilute Ga1�xInxAs1�yNy on GaAs, only a few studies have been published so

far on the growth of strained Ga1�xInxAs1�yNy on InP substrates and there is

no work about the comparison of the hc of the Ga1�xInxAs1�yNy alloys on GaAs

and InP substrates up to our knowledge. In this work, we have investigated
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the role of N and Sb on the critical thickness of strained GaInAsNSb QWs on

GaAs and InP substrate for (001) and (111) orientations. We have shown the

expected variation of which the critical thickness hc decreases with increasing

In concentration when the InGaAs layer is grown on GaAs substrate. We have

illustrated that the limitation of hc is eliminated when the compressive InGaAs

wells are grown on InP substrate. At the second part of our calculations we

have examined the e¤ect of the addition of Sb atoms to GaAs. Our calculated

results were in agreement with experimental results. It has been seen from the

results that the e¤ect of addition of Sb atoms is similar to that of the In atoms

of both causing a reduction in hc. However, the use GaAsxSb1�x QW instead

of InxGa1�xAs brings an advantage from the point of view of hc. Since a �xed

emission wavelength can be obtained for lower concentration of Sb in GaAsxSb1�x
QW than that of the In concentration in InxGa1�xAs, much larger critical layer

thicknesses can be obtained for GaAsxSb1�x QWs.

At the third part of our calculations we have calculated improved hc values

for GaInAsN QW due to the strain compensating e¤ect of N atoms. It has

been noticed from our calculations that the variation of hc with increasing N

concentration is di¤erent when GaInAsN wells are grown on InP substrate. We

have shown that the growth of indium rich GaInAsN QW is possible on InP

substrates due to the improved critical layer thickness. The problems that has

been met in GaInAsN QW due to the high In and N concentrations can be

eliminated by means of introduction of Sb atoms into GaInAsN. The calculated

results indicate that GaInAsNSb has still the constraint of critical layer thickness.

On the other hand, the use of quinary GaInAsNSb on InP substrate brings

improvements in critical thickness, enables incorporation of the desired indium

concentration and allows tuning of the required wavelength. Therefore, this wide

wavelength range coverage makes GaInAsNSb QWs on GaAs and InP substrates

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

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

5.1 Introduction

There is a lot of work on the impurities in semiconductors because they have

a very special role in controlling the conductivity of semiconductors. When an

impurity is added into the lattice, mobility and its transport properties change.

With doping, one can observe impurity states and these states have bearing

on the electronic and optical properties of semiconductor heterostructures. In

particular, the hydrogenic shallow donor state of electron bound by Coulombic

electrostatic force of excess charge of impurity is used to construct semiconductor

diodes, transistors and numerous types of semiconductor electronic and optoelec-

tronic devices, including lasers [96]. The dielectric constant of the crystal and

screening e¤ect by free carriers are the important factors which determine the

coulombic force.

In this study, we investigate the e¤ect of screening and dielectric con-

stant on electrostatic force of a shallow donor impurity and its binding energy in

GaAsN heterostructure. Screening occurs due to the free carriers in semiconduc-

tor. The electrostatic interaction is shielded by the carriers which exist between

ionized shallow donor and its bound electron. We aim to present the relationship

of screening factor, temperature, nitrogen and free carrier density for GaAsN al-

loys in this study. We try to reveal the e¤ect of the dielectric constant on the

interaction between shallow donor and its bound electron.

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

group IV element gives an electron into the crystal as a shallow donor. Binding
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energy of this electron will be calculated by solving screened coulomb potential.

When we consider GaAsN as a bulk semiconductor, electron e¤ective mass will

be proportional to the inverse of second derivative of conduction band dispersion

relationship for a parabolic band. The non-parabolic dispersion and strong N

dependency of conduction band of GaAsN causes unusual behaviour of electron

e¤ective mass and binding energy of shallow donor. This unusual behaviour of

electron e¤ective mass and the variation of mass-dependent binding energy will

also be presented in this study.

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

described by the screened coulomb potential which is given by

V (r) = � e2

4�"r
exp (��r) (5.1)

where � is the screening parameter which is due to free charge carriers in the

semiconductor and e is the carrier charge while " is the dielectric constant. Be-

cause the corresponding Schrödinger equation for this potential does not admit

exact analytic solutions for non-zero angular momentum, various numerical and

approximate methods [98, 99, 100, 101, 102, 103, 104, 105] have been developed

in the past. More recently, a new methodology [106, 107] has been introduced.

The results of our calculations in the frame of [106, 107] show that binding en-

ergy is strongly dependent on temperature, free carrier density and Nitrogen

concentration of III-V-N alloy.

We �rst present this novel formalism used in our calculations to obtain

bound states of the related screened coulomb interaction. Then we discuss in de-

tail the corresponding screening parameter � in the present work and the related

Bohr radius as a function of nitrogen concentration and present the calculated

binding energy versus increasing nitrogen for the ground state. Finally, we out-

line the results.

5.2 Theory

In the model presented by authors [106, 107] the Schrödinger equation is

safely decomposed in two parts. In other words, the potential in eq. 5.1 is

splitted in two pieces

Vtotal (r) = Vexact (r) + Vpert (r) (5.2)

where Vexact represents an exactly solvable part that corresponds to the Coulomb

potential and Vpert denotes a perturbation term:Then, one can treat the Coulomb

potential easily using the supersymmetric quantum theory [108] de�ning a proper
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superpotential such that

Wn = �
�hp
2m

n+ `+ 1

r
+

r
m

2

e2

4�" (n+ `+ 1) �h
(5.3)

leading to

Vexact (r) = Vcoulomb (r) =W
2
n �

�hp
2m
W

0

n = �
e2

4�"r

+
me4

2�h2 (4�")2 (n+ `+ 1)2
+
�h2

2m

` (`+ 1)

r2
; n = 0; 1; 2::: (5.4a)

therefore, the related wavefunction appears as

�n (r) =

�
2me2

4�" (n+ `+ 1) �h2

�`+1�
1

n+ `+ 1

�
� r`+1q

4�"�h
me2n!

(n+ 2`+ 1)!
exp

�
� me2

4�" (n+ `+ 1) �h2
r

�

L2`+1n

�
2me2

4�" (n+ `+ 1) �h2
r

�
(5.5)

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

corrections to the leading orders of energy and wavefunction for the perturbed

piece of the potential in the light of [106, 107], one needs to use that in the �rst

order

�"n1 =

1Z
�1

�2n

�
� e2�2

2(4�")
r

�
dr (5.6)

�Wn1 (r) =

p
2m

�h

1

�2n

Z
�2n (r)

�
�"n1 +

e2�2

2(4�")
r

�
dr (5.7)

and in the second order

�"n2 =

1Z
�1

�2n

�
e2�3

6(4�")
r2 ��W 2

n1 (r)

�
dr (5.8)

�Wn2 (r) =

p
2m

�h

1

�2n

Z
�2n (r)

�
�"n2 +�W

2
n1 (r)�

e2�3

6(4�")
r2
�
dr (5.9)

where �W terms are related to the corrections for the superpotential term (eq.

5.3) which are strongly required for the corrections to the zeroth order energy

term. It is stressed that the unperturbed zeroth order energy corresponding to

the Coulomb potential is the one appears as the second term in right hand side

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

En=0 = �
me4

2�h2 (4�")2 (`+ 1)2

+
e2

(4�")
�� �h2

4m
�2 (`+ 1) (2`+ 3)

+
(4�")�h4

12e2m2
�3 (`+ 1)2 (`+ 2) (2`+ 3)

� �h
6 (4�")2

16e4m3
�4 (`+ 1)4 (`+ 2) (2`+ 3) (5.10)

for di¤erent suborbitals(` � 0). We observed in our earlier work [106] that the
above novel discussion is capable of producing physically acceptable successful

results which were found in very good agreement with the accurate numerical

integration results.

5.3 Calculation of binding energy of donors

in GaAsN by using the analytical method

There are measurements and theoretical works for shallow donor states of

Si-doped n-type GaAs semiconductors. For example, in the study of Sze [109],

measured value of the binding energy of shallow donor in Si-doped GaAs is given

as 0:006 eV. In order to calculate this value, the most known way is to consider

the unionized donor as an electron-proton pair in hydrogen atom. Therefore, it

can be described by semiclassical model by Bohr [110]. The ground state binding

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

ED = �
m�
e

2�h2(`+ 1)2
e4

(4�")2
(5.11)

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

we can write Bohr radius as following

an;`B =
�

2�
=

h

2�
p
2m�

eED
=
4�"�h2(`+ 1)

m�
ee
2

(5.12)

For GaAs, if the � valley electron e¤ective mass is taken as m�
e = 0:067 me and

the relative dielectric constant " = 13:2 "0 [111], the energy and the Bohr radius

for ` = 0 can be found as

ED(GaAs) = �5:23 meV (5.13a)

aB(GaAs) = 104 Å (5.13b)
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Up to our knowledge, measurement for the binding energy of shallow donor

in bulk GaAsN doesn�t exist in literature and the study of Wu et. al. [111] is

the available single theoretical work on this subject. Wu et. al. has used the

variational technique to obtain binding energy of shallow donor with screening

e¤ect. However, in that study the meaning of screening parameter has not been

emphasized and binding energy has been found only for a speci�c value. We aim

to clarify the meaning of screening parameter �, �nd out the in�uence of it on

potential and calculate the binding energy of shallow donor for GaAsN by using

screened coulomb potential. Therefore, we take into account the contribution of

free electron screening in the system using eq. 5.10 by which binding energy of

shallow donor can be obtained.

E¤ective mass of conduction electron is found by using the relation between

k�dependent non-parabolic conduction band energy of GaAsN and electron mass
which is

m�
k=0 =

�h2

@2E� (k; y) =@k2
(5.14)

where conduction band dispersion relationship E� (k; y) is given by eq. 3.1. The

static dielectric constant " is dependent on variation of band gap and lattice

constant. We can write an equation for static dielectric constant " which is

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

" (y) =

"
13:2 + �

 
1

a
3=2
lat (y)Eg (y)

� 1

a
3=2
lat (0)Eg (0)

!#
"0 (5.15)

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

alat (y) = y � alat�GaN + (1� y) � alat�GaAs (5.16)

and Eg (y) is E� (k; y) at k = 0. � is an empirical value which equals to 159:0

eVÅ3=2. As can be understood from the eqs. 5.14, 5.15 and 5.16, binding energy

of GaAsN is a¤ected by band gap, mass and lattice constant.

The calculated variation of Eg for GaAsN according to eq. 3.1 gives a rapid

decrease band gap energy as can be seen in �g. 5.1. The addition of 1% N into

GaAs leads to a change of 0:1 eV in the band gap. This result which is obtained

by BAC model is agreed with the experiments. The change of static dielectric

constant as a function of nitrogen concentration for GaAsN is also shown in �g.

5.1. The static dielectric function increase " almost linearly with increasing N

concentration in contrast to the rapid variation of the energy band gap with N

concentration. The reason of this behaviour is the inverse relationship of static

dielectric constant with band gap (eq. 5.15).

The e¤ective Bohr radius is calculated by using eq. 5.12 and e¤ective

mass is obtained from the relationship m� = �h2=(@2E� (k; y) =@k
2). Fig. 5.2
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Figure 5.1: Minimum band gap(solid line) calculated by Eq. 3.1 and static
dielectric constant(dashed line) obtained by Eq. 5.15 as a function of the N
fraction for GaAs1�yNy.

presents the expected increase of e¤ective mass with N concentration. E¤ective

mass increases rapidly up to ~1% of N, after this value the increase is slow. As

can be seen from eq. 5.12 e¤ective Bohr radius is dependent on e¤ective mass

and static dielectric constant. For N concentration� ~1%, the e¤ective mass is
a dominant factor causing a rapid fall of e¤ective Bohr radius; whereas for N

concentration� ~1% static dielectric constant is the dominant factor causing an

increase of e¤ective Bohr radius. These results are valid in the case of � = 0.

The background mobile electron density increases with increase of the dop-

ing levels. This background density causes screening of the bare coulomb poten-

tial (1=r) which is produced by the impurity itself. The screening parameter �

for GaAsN can be found by solving Poisson�s equation as described below. The

concentration of impurities, holes and electrons induce a charge distribution.

This charge distribution can be expressed by Poisson�s equation as

r2V = �q
"
(p� n+ND) (5.17)

where local hole density p is nie�q(V+�b)=kT , local electron density n is nieq(V+�b)=kT ,

impurity concentrationND is n0�p0 = nieq�b=kT�nie�q�b=kT . The Poisson�s equa-
tion exists around an ionic charge q. The potential V is described by screened

coulomb potential which is given by eq. 5.1. We get an analytical equation of

screening parameter for GaAsN followed by Young et al. [113]. Putting known

parameters into Poisson�s equation, we get

r2V = �q
"

 
nie

�q(V+�b)=kT � nieq(V+�b)=kT

+nie
q�b=kT � nie�q�b=kT

!
(5.18)
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Figure 5.2: Electron e¤ective mass(solid line) at � valley and e¤ective bohr
radius(dotted line) as a function of N concentration.

where k, T , q, ni, �b are Boltzman constant, temperature, electronic charge,

intrinsic electron concentration at temperature T and Fermi-level shift, respec-

tively. For V � kT Poisson�s equation becomes

r2V = �q
"

0B@ � qV
kT
nie

�q�b=kT + qV
kT
nie

q�b=kT

+nie
�q�b=kT � nieq�b=kT

+nie
q�b=kT � nie�q�b=kT

1CA (5.19)

r2V =
q

"

�
nie

�q�b=kT + nie
q�b=kT

� qV
kT

(5.20)

r2V =
2niq

2

"kT
V cosh

q�b
kT

(5.21)

Substituting the eq. 5.1 into eq. 5.21, we get

� (T; ni; �b) =

s
2niq2 cosh

q�b
kT

"kT
=

s
q2 (N2

D + 4n
2
i )
1=2

"kT
(5.22)

where intrinsic carrier concentration ni can be obtained using the empirical

equation[114]

ni (y; T ) = (Nc (y)Nv (y))
1=2 exp

�
�Eg (y) eV

kT

�
cm�3 (5.23a)

where Nc (y) = 2
�
2�mckT

�h2

�3=2
and (5.23b)

Nv (y) = 2

�
2�mvkT

�h2

�3=2
(5.23c)
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mc is the e¤ective electron mass in conduction band, mv is e¤ective hole mass in

valence band. From interpolation method the e¤ective hole mass can be written

as

mv = 0:62 + 0:2354y (5.24)

According to the eqs. 5.22 and 5.23, �, ni andNc strongly depend on temperature

and nitrogen concentration. Figure 5.3 shows the close relationship between N
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Figure 5.3: The variation of screening parameter �(dashed lines) and intrinsic
carrier concentration(solid line) with increasing nitrogen concentration. � is also
dependent on donor concentration.

concentration, the amount of donor impurities, the intrinsic carrier concentration

and the strength of screening parameter. The rise of nitrogen concentration

causes an increasing of intrinsic carrier concentration (see solid line). Dotted

lines show the donor concentration dependence of screening parameter � which

is described in atomic unit. Nitrogen and donor concentrations result an increase

in screening. An interesting point in �gure 5.3; the solid line which shows N-

intrinsic carrier relationship and the junction of the dotted lines which shows the

donor-screening relationship are overlapped.

Wu et. al. [111] has taken the screening parameter as 1 a:u:�1 during

the calculations of the binding energies by using variatonal technique. However,

the screening parameter can not be chosen arbitrarily due to its dependence of

temperature and N concentration. In this case, the screening parameter should

be taken as the values which are allowed by eq. 5.22. Therefore, the survey

of screening parameter � has provided more sophisticated comprehension of the

relationship between nitrogen and binding energy. Fig. 5.4 illustrates how the

binding energy varies with N concentration and the screening parameter �. After

a small increase of binding energy up to N� 0:5%, the energy is decreasing with
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Figure 5.4: The binding energy variation(solid line) for the ground state as a func-
tion of the nitrogen concentration. The change of e¤ective Bohr radius(dashed
line) and screening parameter can be seen in this �gure.

N concentration. As mentioned before, the reason of this behavior is mass- and

dielectric constant-dependence of the binding energy. The initial dominance of

e¤ective mass causing an increase of binding energy, for N� 0:5%, static dielectric
constant becomes dominant causing a decrease of binding energy. This result is

in agreement with the study of [111]. An increase of screening parameter causes

a decrease of binding energy. This behaviour is also in agreement with the result

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

given by

ED = ED0

 
1�

�
ND
Ncrit

�1=3!
(5.25)

where ED0 is binding energy without screening. According to this equation

binding energy vanishes if donor concentration ND is equal to critical value Ncrit
which is di¤erent for materials. Eq. 5.25 supports reliability of our results

because the binding energy is going to zero with increasing of donor concentration

in our calculations.

5.4 Conclusions

We have investigated the e¤ect of nitrogen on intrinsic carrier density,

screening parameter, e¤ective Bohr radius and binding energy of shallow donors

in GaAsN alloys. We explain the meaning of screening parameter for GaAsN as

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

In literature, the problems which are related to coulomb and screening

coulomb interaction for bulk and low dimensional semiconductors are generally

solved by using variational variable technique. However, this technique is tedious

and the results can be found by solving integrations by aid of computer and

the results are not reliable and stable. Under consideration of these reasons,

we have used more e¤ective, reliable and simple equation(eq. 5.10) of Gonul

et. al. [107] which has been proposed to solve Yukawa-type potentials. In the

present study this e¢ cient model is used to investigate the relation between the

binding energy of hydrogenic shallow donor in bulk GaAsN alloys for di¤erent

screening parameter and N concentration observed that the screening parameter

appearing in our work causes a strong variation of the both, binding energy and

N concentration. The analytical method of [107] can also be applied to solve

the problem for low-dimensional systems and excitons as well. Along this line,

the works are in progress.
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CHAPTER 6

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

6.1 Introduction

Both carrier and optical mode con�nements are the basic ingredients while

designing the semiconductor quantum well lasers. The former strongly depends

on the band o¤sets of the heterostructures and the latter is mainly associated

with the di¤erence in the refractive index between the wave guiding core and the

cladding layers. It is known that the refractive index strongly depends on the

direct band gap of the semiconductor materials and the band gap of the III-N-V

semiconductor layer can be engineered by means of adding nitrogen into InGaAs.

We investigate, in this work, the refractive indices of the heterostructures and the

corresponding optical con�nement factors of the proposed III-N-V laser material

systems on GaAs and InP substrates.

Experimental studies have shown that GaInAsN alloy has also some in-

teresting optical parameters such as refractive index which increases with an

increase of N concentration for strained GaInAsN layers [116, 117, 118]. This

enables GaInAsN to be used as an active layer in vertical-cavity surface-emitting

laser structure [118]. The band gap of the GaInAsN semiconductor layer can be

engineered by means of adding N into InGaAs; an increase in N concentration of

bulk GaInAsN causes energy gap reduction and this result in increase in refrac-

tive index values. Therefore, the tendency for the refractive index to increase

with decreasing band gap energy is the same as that observed in conventional

III-V semiconductors. This may lead to better optical con�nement in GaInAsN

semiconductors which has already the superiour property of better electron con-
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�nement. Better carrier and optical con�nement greatly reduces the threshold

current density and permits continuous operation at room temperature [119].

We have previously shown that conventionally- and strain-compensated N-based

lasers have better band alignment than that of the III-V semiconductor laser

systems and therefore N-based lasers can be o¤ered as ideal candidates for high

temperature operation. In order to be a complementary study from the con�ne-

ment point of view, we present in this work the calculations of refractive index

and optical con�nement factor of III-V and III-N-V semiconductor systems and

provide the comparison of the con�nement in conventional semiconductors with

that of dilute nitride semiconductors. There has been no extensive theoretical

work about refractive index and optical con�nement factor of GaInAsN up to

our knowledge.

6.2 Theory

6.2.1 Adachi�s model for refractive index

A more physics-based model of dielectric function for photon energies close

to and above the band gap is Adachi�s model. This model can be simpli-

�ed for the transparency region �h! � Eg by considering only the �rst band

gaps(Eg; Eg +�0)

n2r (!) = A f (x1) + 0:5

�
Eg

Eg +�0

�1:5
f (x2) +B (6.1)

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

f (x1) =
1

x21

�
2�

p
1 + x1 �

p
1� x1

�
(6.2)

where x1 = �h!
Eg
and

f (x2) =
1

x22

�
2�

p
1 + x2 �

p
1� x2

�
(6.3)

where x1 = �h!
Eg+�0

. A andB parameters of quaternary compound semiconductors

are calculated by interpolation method.

6.2.2 Five-layer symmetric slab theory

The obtained laser light should be con�ned in heterostructure as elec-

tron. For this aim di¤erent type waveguides have been produced. One of these

waveguides is �ve-layer slab waveguide so we made our calculations according

this type waveguide. The structure of this waveguide is shown in 6.1.
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Parameter A B Eg (eV ) �0 (eV )
GaAs 6:3 9:4 1:42 0:34
InP 8:4 6:6 1:35 0:11
AlAs 25:3 �0:8 2:95 0:28
InAs 5:14 10:15 0:36 0:38
GaP 22:25 0:9 2:74 0:08
AlP 24:1 �2:0 3:58 0:07
GaN 9:31 3:03 3:299 0:0
InN 53:37 �9:19 1:89 0:0

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

(1) Electric �eld distribution for core region (well region):

�y1(x; z; t) = A cos(h1x)e
i(!t��z); 0 � jxj � a (6.4)

(2) Electric �eld distribution for barrier region :

�y2(x; z; t) = B cos(h2x)e
i(!t��z); a � jxj � b (6.5)

(3) Electric �eld distribution for cladding layer region :

�y3(x; z; t) = Ce
�h3xei(!t��z); b � jxj � c (6.6)

The �eld distributions for even-order modes are written:

kn2 � � � kn3 (6.7)

For now, we don�t consider exponential complex part; If we apply the boundary

conditions to electric �elds, we can see that; At x = a ; �y1(a) = �y2(a) and so

Acos(h1a) = Bcos(h2a)

B =
A cos(h1a)

cos(h2a)
=) �y2(x) =

A cos(h1a)

cos(h2a)
cos(h2x) (6.8)

At x = b ; �y2(b) = �y3(b) and so

A cos(h1a)

cos(h2a)
cos(h2b) = Ce

�h3b (6.9)

C =
A cos(h1a)e

h3b

cos(h2a)
cos(h2b) =) �y3(x) =

A cos(h1a)

cos(h2a)
cos(h2b)e

h3(b�x) (6.10)

At x = a ;
@�y1(x)

@x
=

@�y2(x)

@x
and so
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Figure 6.1: The illustration of the �ve layer slab waveguide.

�h1A sin(h1a) = �h2A cos(h1a)cos(h2a)
sin(h2a)

tan(h1a) =
h2
h1
tan(h2a)

(6.11)

At x = b;
@�y1(x)

@x
=

@�y3(x)

@x
and so

�h2A cos(h1a)cos(h2a)
sin(h2b) = �h3A cos(h1a)cos(h2a)

cos(h2b)e
h3(b�b)

h2 tan(h2b) = h3

h2 tan(h2b) = h3 =) h2 =
1
b
arctan(h3

h2
)

(6.12)

substituting 6.12 to 6.11.

tan(h1a) =
h2
h1
tan(h2a) =) h1a = arctan(

h2
h1
tan(

a

b
arctan(

h3
h2
))) (6.13)

where h21 = k
2n21��2 ; h22 = k

2n22��2 ; h23 = �
2� k2n23

M� is eliminated because we will study M = 0 mode. In addition, expo-

nential terms have not been considered because they are cancelled in con�nement

factor calculation (electric �eld is multiplied by its conjugate).

If kn1 � � � kn2 then equation 6.13 will be as following:

tan(h1a) =
h2
h1
tan(h2a) =) h1a =M�+arctan(

h2
h1
tan(

a

b
arctan h(

h3
h2
))) (6.14)

where h21 = k
2n21� �2 ; h22 = �

2� k2n22 ; h23 = �
2� k2n23

We have two options:
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q
n21�n22
n21�n23

� h1

k
p
n21�n23

� 1 1:condition

0 � h1

k
p
n21�n23

�
q

n21�n22
n21�n23

2:condition
(6.15)

To understand these equations we may view at relationship equations between

electric �elds, refractive index, propagation constant and wavelength.

� =

R a
0
�2y1(x; z; t)dxR a

0
�2y1(x; z; t)dx+

R b
a
�2y2(x; z; t)dx+

R c
b
�2y3(x; z; t)dx

(6.16)

Optical con�nement factor calculation can be made merely with above equation.

However, electric �elds are obtained from the calculations which have refractive

indices analysis. These indices are dependent wavelengths and this condition

causes complicated and di¤erent type solution ways.

Above calculations have all analogy about optical con�nement factor. We

have used an approximation which belongs to M.J.Adams to obtain simply op-

tical con�nement factor.

v2 = a2k2(n21 � n23)
u2 = a2(k2n21 � �2) = a2h21
w2 = a2(�2 � k2n23) = v2 � u2 = a2h23
t2 = a2(k2n22 � �2) = u2 � v2c2 = a2h22
t"2 = a2(�2 � k2n22) = v2c2 � u2 = a2h"22

(6.17)

c2 =
n21 � n22
n21 � n23

� n1 � n2
n1 � n3

(6.18)

u =M� + arctan(
t

u
tan(arctan(

w

t
)� t( b

a
� 1))) (6.19)

if t! it"

u =M� + arctan(
t"

u
tanh(arctanh(

w

t"
)� t"( b

a
� 1))) (6.20)

if c � u=v � 1;

� =
u+ sinu cosu

u+ sinu cosu(1� u2

t2
) + u(cos2 u+ u2

t2
sin2 u)( b

a
� 1 + 1

w
)

(6.21)

if 0 � u=v � c;

� =
u+ sinu cosu

u+ sinu cosu(1 + u2

t"2
) + u(cos2 u� u2

t"2
sin2 u)( b

a
� 1 + 1

w
)

(6.22)
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6.3 Calculation of refractive index and opti-

cal con�nement factor in InGaAsN by us-

ing the analytical method

The spectroscopic ellipsometry measurements [116, 117, 118, 120][116] have

shown that the refractive index of strained GaInAsN/GaAs layers increases with

increasing N concentration. We now want to illustrate at this point the Adachi�s

model can be used to investigate the refractive index of III-V and III-N-V semi-

conductors due to the agreement with experimental observations. Firstly, it has

been stated by Sato et. al. [117] that III-N-V semiconductors have the largest

refractive index compared to III-V semiconductors. Figure 6.2 con�rms this pre-

diction by means of using Adachi�s model for refractive index calculations for

GaAs, InGaAs and InGaNAs with increasing N concentration. As shown in Fig-

ure 6.2 the refractive index of InGaNAs is greater than that of both GaAs and

InGaAs. The same �gure also shows clearly that the refractive index increases

with increasing N concentration as has been predicted experimentally.
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Figure 6.2: Calculated refractive index values for GaAs, InGaAs and GaInNAs
with increasing N concentration.

In the contour plot in Figure 6.3 we show the calculated nitrogen and

wavelength dependence of refractive index according to Adachi�s model for the

GaInAsN on GaAs substrate. As can be seen from �gure 6.3 that the refractive

index for a �xed wavelength �rst increases with increasing N concentration and

then reaches its maximum value when the strained band gap energy of InGaNAs
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alloy becomes equal to the energy of photon (red shapes). Beyond this critical

point the refractive index starts to decrease with increasing N concentration since

after this point the energy of photon becomes greater than the strained band gap.

Figure 6.3 also shows the variation of refractive index for a �xed N concentration

as a function of wavelength of photon. The general trend is that refractive index

increases with decreasing energy and reaches its peak value when the photon

energy becomes comparable to the strained band gap energy and then it decreases

with further decreases in energy of photon. We have calculated that the increase

in In concentration has similar e¤ect on the refractive index of InGaNAs. Until

now we have calculated the refractive indices assuming that the photons having

di¤erent wavelengths are falling onto the semiconductor alloy. However, photons

are produced inside the quantum well (QW) with an energy corresponding to the

transition energy between conduction and valence subbands. Therefore, each In

and N concentration corresponds to a photon having di¤erent energy inside a

GaInAsN QW.

The contour representation showing the In and N dependence of refractive

index of GaInAsN QWs in which the energy of photon is equal to the transition

energy is given in Figure 6.3. As it is clear from Figure 6.4 that the refractive

index of GaInAsN QWs is a complex function of In and N concentration and

gets worse with an increase of In and N concentration. It gets better when

the N concentration becomes greater than 3% but the light emitting devices

deteriorates when N concentration reaches this value.

The optical con�nement factor �, which is usually de�ned as the fraction

of the squared electric �eld con�ned to active region [121, 122, 123], is an impor-

tant parameter in calculating the threshold current for semiconductor lasers. The

aim of this section is to compare the optical con�nement factor � of conventional

III-V semiconductors with that of the III-N-V semiconductors for separate con-

�nement heterostructures (SCH). A �ve layer dielectric slab waveguide model is

employed to calculate �. In a SCH the quantum well active region and surround-

ing barriers are sandwiched between optical con�ning layers. The advantage of

this structure is that the con�nement of radiation to the recombination region

can be made superior to that for the conventional double heterostructure lasers,

so that there is more e¢ cient pumping of the optical �eld by the recombina-

tion processes. We consider three di¤erent laser structures operating around

the 1:3 �m wavelength for comparison. The �rst type of device studied is the

P-based laser, which consists of Ga0:33In0:67P0:28As0:72 / Ga0:1In0:9P0:78As0:22 /

InP with unstrained QWs. The second type of device is the Al-based laser with

Al0:175Ga0:095In0:73As / Al0:27Ga0:21In0:57As / InP structure parameters and the

well is 1:4% compressively strained. The third type of device is the N-based laser
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with 1:7% compressively strained Ga0:7In0:3N0:022As0:098 QWs between GaAs bar-

riers and Al0:1Ga0:9As cladding layers. The cavity length in all structures is taken

as 610 �m. As seen in �gure 6.5, � for the three laser system increases with the

thickness of the active region as expected. It is also seen from �gure 6.5 that

Al-based laser system has the highest � compared to the others. Since all the

laser systems have the same emission wavelength, the di¤erence between the �

of the three laser system is due to the di¤erences between the refractive indices

of the barrier and cladding layers. The laser system having the largest refractive

index di¤erence between the barrier and cladding layer has the largest � The

refractive indices of the layers of the three laser system are tabulated in Table

6.2.

System
Well

refractive
index

Barrier
refractive
index

Cladding
refractive
index

InGaAsP 3; 7034 3; 2676 3; 1906
GaInAsN 3; 7036 3; 4501 3; 3993
AlGaInAs 3; 7597 3; 4518 3; 1906

Table 6.2: The refractive index values of three di¤erent layers for the systems
of Ga0:33In0:67P0:28As0:72 / Ga0:1In0:9P0:78As0:22 / InP, Al0:175Ga0:095In0:73As /
Al0:27Ga0:21In0:52As / InP and Ga0:7In0:3N0:022As0:978 QWs between GaAs bar-
riers and Al0:1Ga0:9As cladding layers.

Therefore, one can conclude that the use of di¤erent barrier and cladding

layers may improve the laser system from the standpoint of optical con�nement

factor. Figure 6.6 illustrates this happens indeed: the use of di¤erent barriers

and cladding layers can either increase or decrease the � of the N-based laser

system. The use of di¤erent barriers introduces strain compensated laser system

and may bring bene�t to the laser system. As seen in �gure 6.6, the use of the

tensiley strained GaAsN barrier brings improvements to the �, since the � of

the N-based laser system is doubled with GaAsN barrier compared to the GaAs

barrier. In addition, it is now commonly accepted [124, 125] that the introduction

of N into InGaAs causes an ideal band alignment of deep conduction- and shallow

valence-wells, see �gure 3.1. The calculation details of the band alignments can

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

6.4 Conclusions

Our calculations con�rm the experimental observations that the refractive

index increases in proportion with a decrease in band gap energy both in III-V

and III-N-V semiconductors. Our calculations con�rm also that
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o refractive index of InGaNAs is greater than that of III-V semicon-

ductors,

o refractive index increases with increasing N concentration in GaInAsN

alloys.

Although the band o¤sets of III-N-V systems are close to that of the ideal

case which leads to have an improved carrier con�nement, the optical con�ne-

ment of III-N-V laser system is worse than that of the 1:3 �m III-V laser systems.

This leads to poor optical con�nement in III-N-V laser system. However, the op-

tical con�nement can be improved by means of introducing strain- compensated

barrier to the III-N-V system.

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

optical con�nement signi�cantly.
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CHAPTER 7

CONCLUSIONS AND FUTURE
WORK

The work carried out in this thesis considered the e¤ects of nitrogen, strain,

substrate and growth orientation on the band o¤set, critical thickness, donor

binding energy and optical con�nement factor of GaInAsN(Sb) bulk and QWs

on GaAs and InP substrates. Conclusions have been already presented in the

result part of the related chapters. In this chapter, we brie�y summarize and

gather together the major conclusions from the work described in this thesis.

GaInAsN alloy has superior properties compared to that of conventional

III-V semiconductors. The main reason of the superiority is the incorporation of

nitrogen N into GaInAs since nitrogen has a profound in�uence on the electronic

and optical properties of the GaInAsN alloy such as

(1) better electron con�nement due to the favourable band-o¤set ratio,

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

hole e¤ective masses,

(3) �exibility of tailoring the band gap allowing the extend of the wavelength

of photonic device operation beyond that accessible to InGaAsP/InP and

AlGaInAs/InP.

Hence, GaInAsN gives the potential to produce material lattice matched or

mismatched to GaAs and InP with a wide range of band gap energies. Therefore,

quaternary material system of GaInAsN has attracted a great deal of attention,

both because of unusual physical properties and potential applications in a va-

riety of electronics and optoelectronic devices like quantum well lasers, infrared

detectors, high-e¢ ciency multijunction solar cells and high speed transistors.

Even if the growth stage of dilute nitride III-Vs and quaternary alloys on GaAs

or InP is problematic, development in thin-�lm deposition have allowed these
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materials to be grown with ever-improving crystalline quality, which in turn im-

proves their optical and electronic performance.

GaInAsN heterostructure material has unusual fundamental properties which

have been observed experimentally. First of all, it has the large band gap bowing

parameter which causes a rapid reduction in band gap of GaInAs with incorpo-

rating small amount of nitrogen. Furthermore, new energy state E+ has been

observed in the conduction band, which is not present in a usual semiconductor.

A strong increase of electron e¤ective mass with increasing N concentration has

been reported.

The physics behind the unusual characteristics of GaInAsN has been overviewed.

The derivation of band anticrossing model has been introduced and the calcu-

lated band gap variation versus nitrogen and indium has been shown in the

�gures. We expect that to understand the physics of nitrogen incorporation

and the meaning of band anticrossing provide a wide comprehension about the

related calculations in other chapters.

We have shown that model solid theory is an appropriate model to per-

form the band o¤set calculations of GaInAsN QWs and band anticrossing is a

model to describe the composition dependence of band gap energy of GaInAsN

on GaAs and InP substrates. We have indicated that the incorporation of nitro-

gen into the system provide to reach the laser beam wavelengths in a range from

1:3 �m to 2:3 �m. On the other hand, the addition of nitrogen into GaInAs on

GaAs and InP improves the band alignment of the system. Furthermore, the

band alignment of strained GaInAsN/InP QW laser systems is better than that

of the GaInAsN/GaAs. Our calculations have shown that the introduction of

opposite strain to the barrier in N-based lasers on both GaAs and InP substrates

not only result deep electron wells but also cause the electron wells being much

deeper than that of the hole wells which is essential to have good high temper-

ature characteristics. Our calculations have indicated that the band alignment

of N-based conventionally strained QW laser systems on InP with high indium

concentration (beyond 53%) compete with the ideal band alignment of GaInAsN

/ GaAs lasers.

In order to obtain high optical quality structures, the layer thickness must

be less than the so called critical layer thickness hc. Despite great e¤orts for inves-

tigation of nitrogen incorporated III-V�s, there is no detailed works concerning

the critical layer thickness of these structures up to our knowledge. We have

presented the role of N and Sb on the critical thickness of strained GaInAsNSb

QWs on GaAs and InP substrate for (001) and (111) orientations. Matheews

and Blakeslee model has been used to calculate critical thickness and we have

shown that its calculated results have been in agreement with experimental ones
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for N (Sb) included III-V�s. We have shown that the critical thickness hc de-

creases with increasing In for InGaAs/GaAs and the limitation of hc is elim-

inated when the compressive InGaAs wells are grown on InP substrate. We

have illustrated that the e¤ect of addition of Sb atoms is similar to that of the

In atoms of both causing a reduction in hc. Since a �xed emission wavelength

can be obtained for lower concentration of Sb in GaAsxSb1�x QW than that of

the In concentration in InxGa1�xAs, much larger critical layer thicknesses can

be obtained for GaAsxSb1�x QWs. We have noticed that nitrogen atoms have

strain compensating e¤ects in GaInAsN and so improve the hc. Furthermore,

the choice of substrate and growth orientation changes the critical thickness

values of GaInAsN, completely. The calculated results have indicated that al-

though GaInAsNSb/GaAs QW has still constraint of critical layer thickness,

this problem can be eliminated by means of using InP substrate which provide

improvements in critical thickness.

Incorporation of impurities into the lattice is very important in the de-

velopment of semiconductors as electronic materials. It is also important to

evaluate the shallow donor impurity states which in�uence the electronic and

optical properties of the semiconductors. We have presented the e¤ect of nitro-

gen on the ground state binding energy of hydrogenic donors in GaAsN. We have

seen that nitrogen concentration has a strong e¤ect on the binding energy and

Bohr radius because it induces nonparabolic conduction band and causes rapid

reduction in the band gap. In order to take into account the screening e¤ect

of donor concentration on binding energy, we have performed our calculations

by means of analytical energy expression of screened coulomb potential which

has been found in our another work. We have noticed from our calculations

that intrinsic carrier density and screening parameter a¤ect e¤ective Bohr radius

and binding energy of shallow donors on which nitrogen concentration has also a

strong e¤ect. We believe that these results are valuable for future experiments.

Finally, we have performed detailed calculations on optical con�nement

properties of GaInAsN QW. Optical mode con�nement is one of the basic in-

gredients while designing the semiconductor quantum well lasers. We have pre-

sented so called Adachi�s model to calculate the variation of refractive index

and �ve-layer slab model to calculate optical con�nement factor of a semicon-

ductor quantum well laser system. We have shown that refractive indices of

bulk GaInAsN varies with change of nitrogen and indium concentrations and

the wavelength of the applied photon. Our calculations on nitrogen dependence

of optical con�nement has shown that the optical con�nement of III-N-V laser

system is worse than that of the 1:3 �m III-V laser systems. However, we have

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

Recent experiments and theoretical investigations have shown that nitrogen-

based heterostructures have an important role in future device applications be-

cause of their unusual fundamental properties. GaInAsN and related materials

is the center of great interest as QW lasers to be used in telecommunication.

There are great number of studies about GaInAsN being a successful candidate

for high speed transistors, high e¢ cient solar cells, long wavelength infrared pho-

todetectors etc. Furthermore, there are limited works on 0� and 1�dimension
properties and surface characteristics of GaInAsN. As a future work, we want to

deal with transport properties of GaInAsN quantum wells, wires and dots and

investigate surface characteristics of N-based layers.
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