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SUMMARY 

This PhD project mainly covers three themes: development of metal-organic 

chemical vapor deposition (MOCV h density and uniform compound 

semiconductor quantum dots (QDs); developm

MOCVD growth of InAs QDs has been developed under safer growth condition

∼

D) growths of hig

ent of mid-infrared (mid-IR) emissive 

InAs QD structures and study of their properties; and the post-growth energy band gap 

tuning of QD structures using QD intermixing technology.  

High density and uniform semiconductor QDs are very important in developing 

novel electronic and optoelectronic devices and in physics studies. In this project, 

s, i.e. 

using the low-toxic Tertiarybutylarsine (TBAs) as group-V source to replace the high-

toxic AsH3 and using inertial N2 as the carrier gas to replace the explosive H2. Effects of 

the growth conditions on the InAs QD formations have been investigated. Because of the 

nucleation process, high dot density and narrow dot size dispersion of the QDs are very 

difficult to be formed in conventional Stranski-Krastanow (SK) self-assembly growth. In 

this project, a new two-step growth method has been developed for forming QDs with 

higher density and more uniformity. In this new QDs growth method, QDs are formed in 

two steps during the epitaxy growth: a growth rate dependent QDs nucleation in step 1 

growth followed by the kinetically self-limited QDs formation in step 2 growth. 

Compared with InAs QDs formed by the conventional SK self-assembly growth method, 

morphology of the InAs QDs formed by using this two-step growth method is greatly 

improved. High density InAs QDs have been formed using this two-step growth method. 

The QDs surface coverage reaches 60% and the dot-size dispersion is as narrow as 1 

nm. The mechanism of this improvement in two-step growth of QDs has been discussed.   
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In this project, MOCVD growths of InAs QDs for mid-infrared emissions have 

been developed. By using an 8 k⋅p theoretical model, transition energies of the 

InAs/In

g technology. Band gap energy 

of the 

 

GaAs/InP QD structure have been calculated under a quantum well 

approximation. In this calculation, lattice mismatch strain between the InAs and InGaAs 

barrier layers is considered. Based on the theoretical calculated results, mid-IR emissive 

InAs/InGaAs/InP QD structures have been designed.  By employing the InGaAs barriers 

in InAs/InP QD structure, emission wavelength of the QD structures has been extended. 

Emission wavelength of the InAs/InGaAs/InP QD structures reaches >2.2 μm when the 

indium content of the InGaAs square barrier is >0.72. By using the 

In0.53→(0.53+y)Ga0.47→(0.47-y)As graded barriers in the QD structure, the wavelength of the 

QD structure reaches >2.35 μm at 77 K when the indium gradation y =0.27. This QD 

structure has been grown by MOCVD using the two-step growth method for growing the 

QDs layer. The measured emission wavelength from the QD structure matches the 

calculated transition energy well. This is the longest inter-band transition emission 

wavelength from the InAs QD structures reported so far.  

Finally, post-growth energy band gap tuning of the InAs QD structures has been 

investigated using argon plasma enhanced QD intermixin

InAs QD structure has been successfully tuned by as large as 128 meV. Spatial 

selective intermixing of the InAs QD structure has been investigated by employing a 

SiO2 mask on top surface of the sample during the intermixing. By controlling the plasma 

exposure time or the annealing temperature, multi-wavelengths with 50-nm wavelength 

separation across one wafer have been achieved for InAs/InGaAs/InP QD structures. This 

paves a way to realize multi-functional monolithic integration of optoelectronic circuits. 
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QDs samples (a’), (d’), (e’), (f’), (g’) and (h’).  
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CHAPTER 1. INTRODUCTION 

 

1.1 Motivation 

Optoelectronic devices such as semiconductor lasers, light emitting diodes 

(LED), detectors, etc, working in mid-infrared (IR) region, from 2.0 μm to 5.0 μm, 

have many important applications:  

(i) In mid-IR spectrum range, there are three atmospheric windows where the 

mid-IR emission can easily penetrate with low absorption. Figure 1.1 shows the mid-

infrared transmission spectrum through one meter of air at sea level. The three 

transmission windows existing in mid-IR region, which includes the wavelength 

range of 2.0 μm to 2.5 μm, 2.8 μm to 4.2 μm and 4.4 μm to 5.2 μm, produce a unique  

Figure 1.1 Transmission spectrum of electromagnetic wave through one-meter air [1]. 

 

infrared absorption “fingerprint”. The strong absorption bands around 2.7 μm and 

beyond 5.2 μm are due to vibration and rotational modes of water; and the strong 

absorption band at 4.2 μm is due to carbon dioxide. Thus, mid-IR radiation in the 

three low-absorption ranges can transmit a long distance through atmosphere. This 
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allows the mid-infrared radiations in many military applications, such as night vision, 

remote sensing, range-finding, anti-collision system, long-haul telecommunication 

and inf

 

tsunam

ancer cell and 

blood g

rared countermeasures [2]. 

(ii) The frequencies associated with the mid-infrared spectrum span the 

vibration frequencies of most combustible and atmospheric pollutant gas molecules. 

The molecules absorb the mid-IR radiation at a particular wavelength determined by 

the atomic composition and bond structure of adjacent atoms. Thus, as indicated at the 

bottom of Figure 1.1, the mid-IR spectral range contains the strong fundamental 

molecular absorption bands of a variety of gases [3], such as the gases of CO (2.4 

μm), HF (2.5 μm), CH4 (3.3 μm), HCl (3.5 μm) and N2O (4.5 μm). So mid-IR 

optoelectronic devices have very important applications in air pollution analysis of 

environmental protection, siren system for natural-disasters of

i/earthquake/hurricane, and chemical and biological sensing in anti-terrorism. 

(iii) When mid-IR laser beam shines on tissue, it is absorbed by the liquid-

water component of tissue. Water has the intense infrared absorption band near 2.8-

2.9 μm. So mid-IR lasers emitting near 2.8-2.9 μm are idea for cutting bone and other 

tissue with minimal thermal damage to adjacent tissue [4]. Also, mid-IR spectrum is 

very useful in other medical applications such as breath analysis for early detection of 

ulcers, advancing medical imaging in monitoring the insulin level, c

lucose during therapy, analysis of drugs and laser surgery [5].  

With such a variety of applications, intense research on developing high 

performance mid-IR devices (lasers) has been engaged [6 - 9 ]. Different material 

systems, including Pb-salt based group IV-VI, HgCdTe based group II-VI and Sb-

contained III-V semiconductors alloys, have been explored for developing the mid-IR 

lasers. However the poor mechanical and thermal properties of group IV-VI, II-VI 
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based alloys limits their development for the high power, high reliability and high 

temperature mid-IR lasers. The strong covalent bonding makes III-V alloys superior 

mechanical and thermal properties. Compared with conventional gas or solid-state 

lasers, III-V compound semiconductor lasers are expected to be higher energy 

efficient, more flexible and compact. The mature growth and device processing 

technol

nic devices fabrications has caught intense interest in the 

ogies make the III-V alloy a favorite in developing low cost mid-IR lasers.  

Researchers began to look into developing III-V compound semiconductor 

mid-IR lasers 20 years ago [10]. GaSb substrate based material systems firstly 

attracted most researchers’ interest for developing mid-IR lasers. This is because the 

quaternary alloy, InGaAsSb, with lattice matched to GaSb, has a room temperature 

(RT) direct band gap which is continuously adjustable between 0.29 and 0.73 eV 

corresponding to a wide spectral range between 1.7 μm and 4.3 μm. But the device 

fabrication process for GaSb based material system is not as mature as that based on 

InP substrates. Low band gap mid-IR emissive semiconductors are generally lattice 

mismatched to InP material. When the low band gap semiconductors are deposited on 

the InP substrates, the strained thin films or nano-structures will be formed. With the 

rapid development of epitaxy technologies, such as metal-organic chemical vapor 

deposition (MOCVD) and molecular beam epitaxy (MBE), growths of the thin films 

and nano-structures become possible. If the lattice mismatch induced strain between 

the deposited material and the host substrate is small, e.g. < 2%, the strained thin film 

so-called quantum well (QW) structure is expected to be formed. However, if the 

strain is large, e.g. ≥ 2%, the formed structure of the low band gap material on InP 

will be nano-structures, quantum wires (QWR) or quantum dots (QDs). Recently, to 

develop QW, QWR or QD structures, so-called low dimensional structures, for high-

performance optoelectro
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worldwide researchers. 

Much of the interest in the low dimensional structures for optoelectronic 

devices lies in the advantages of lower threshold, higher efficiency, better temperature 

reliability and better emission wavelength control. Quantum confinement occurs when 

the size of the individual features of a semiconductor structure becomes comparable 

to the de Broglie wavelength of the electron. In this case, the electron can only occupy 

certain elevated energy states within the confined region. As the quantum 

confinement degree increases from one (QW) to two (QWR) to three (QD), the 

desired confinement effects become more pronounced. The reduced density of states 

in quantum confined, optoelectronic material means a smaller number of carriers are 

needed for population inversion, thus leading to the lower thresholds and higher 

efficiencies. The higher energy quantization promises the better suppression of the 

carriers’ scattering in the momentum space, thus improving the temperature reliability. 

Also, the elevated states provide the wavelength control. The promise of the improved 

device performance with increasing the quantum confinement degrees of low 

dimensional structures provides the motivation for the development and progress of 

QD growth and characterization. However, QDs are three-dimensional (3-D) 

structures; dot’s height/diameter/shape uniformity, density and crystal quality strongly 

affect QD structures’ electric and optical properties and then QD lasers’ performance. 

In the III-V semiconductors, InAs binary alloy is simple and promising for the mid-IR 

emissive QDs application since its band gap is as low as 0.36 eV at RT. Presently, 

difficulty in growing uniform sized/shaped, high density and high crystal-quality mid-

IR InAs QDs still remain, which restricts the development of high performance mid-

IR QDs devices. Researchers have been devoting their efforts to developing the InAs 

QDs on InP substrates for the mid-IR applications [11 - 13]. The longest emission 
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wavelength from the InAs/InP QD structures reported so far is only ∼ 2.1 μm at RT 

[12]. For the mid-IR region application, InAs QD structures with the longer emission 

wavelengths need further exploring.      

1.2 O

 and characterization of InAs QD structures with mid-IR emission 

wavele

ize uniformity, 

InAs/G

l design and experimental 

demonstration of mid-IR InAs/InGaAs/InP QD structures.  

 

bjective 

The objectives of this thesis focus on the development of high density and 

uniform InAs QDs by using MOCVD with safer growth conditions, including the 

design, growth

ngths.  

MOCVD growth of 3-D QDs is very sensitive to the growth conditions 

including growth time, precursor flux flow, V/III ratio, growth temperature and 

growth method, etc. In this study, safer precursors and carrier gas, i.e. using low-toxic 

Tertiarybutylarsine (TBAs) as group-V source to replace high-toxic AsH3 and using 

inertial N2 as the carrier gas to replace the explosive H2, are employed in QD growths 

by MOCVD. InAs/GaAs QDs have the most matured epitaxy growth experiences 

among the III-V semiconductor QD systems. So, as the first research topic of the 

thesis, we developed high quality, i.e. high dot density and s

aAs QDs growth under the safer MOCVD growth conditions.  

In order to realize mid-IR emission from InAs QDs, the QD structures have to 

be grown on InP, instead of GaAs, substrate due to the properly reduced lattice-

mismatch strain of the InAs/InP system compared with that of InAs/GaAs system. 

Based on InAs/InGaAs/InP QD system, redshift techniques through barrier and strain 

engineering will be employed to extend the QDs’ emission wavelength towards mid-

IR region. The second research topic relates to the theoretica
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Finally, the post-growth QD band gap tuning has been investigated based on 

the Argon plasma enhanced QD intermixing. 

 

1.3 Major contribution of the thesis    

The major contributions of this PhD project include the development of 

MOCVD growth of high quality InAs QDs on GaAs and InGaAs/InP matrixes under 

the safer growth conditions, the theoretical design and experimental demonstration of 

mid-IR emissive QD structures, and the post-growth QD band gap tuning based on the 

enhanced QD intermixing by Argon plasma exposure. These contributions are 

summarized below: 

(i) High density InAs/GaAs(001) QDs have been grown using conventional 

Stranski-Krastanow (SK) method by MOCVD in the N2 ambient with the 

optimized growth conditions. A growth temperature window of 440-460 oC 

for high density QD formation has been observed.  

(ii) A new two-step growth method (fast growth + slow growth) has been 

developed for growing QDs with higher density and better size uniformity. 

Under the optimized growth conditions, dot density has reached 2∼3×1010 cm-2 

and the standard deviation of dot’s size can reach several nanometers using the 

two-step growth process. 

(iii) Under a two dimensional QW approximation, transition energy of QD 

structure has been calculated by using 8 band k⋅p theoretical model. The 

calculated results agree well with the experimental results. 

(iv)  Using the 8 band k⋅p theoretical model, mid-IR emission InAs/InP QD 

structures have been designed. The emission wavelength of the InAs/InP QD 

structures has been calculated >2.2 μm by using InGaAs as the barrier layers 
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     of InAs QDs.  

(v) Under the optimization, high density (2.5×1010 cm-2) and uniform (∼1 nm dot-

size dispersion) InAs/InGaAs/InP QDs have been achieved. Graded InGaAs 

layers as the barriers of InAs QDs for extending the emission wavelength has 

been proposed. Longer emission wavelength while keeping the strong PL 

emission intensity of InAs/InGaAs/InP QD structures has been developed. PL 

emission peaks measured for the grown mid-IR QD structures match well to 

the designed transition energies. The 77-K emission wavelength of 

InAs/InGaAs/InP QDs reaches > 2.35 μm. This is the longest inter-band 

transition emission wavelength from InAs QDs reported so far.  

(vi) Argon plasma enhanced QD intermixing for tuning the energy band gap of 

QD structure has been studied. The QDs’ band gap tuning range has been 

increased greatly by using this QD intermixing technology.  

(vii) Selective intermixing with 50-nm separation multi-wavelengths across one 

wafer has been achieved for InAs/InGaAs/InP QD structures by using 

     plasma exposure and SiO2 masking techniques. 

 

1.4 Organization of the thesis 

This thesis consists of six chapters. An introduction to the thesis is given in 

Chapter 1, which covers the motivation, objective and major contributions.  

In Chapter 2, different material systems for mid-IR emission are discussed 

with comparison. Subsequently, III-V semiconductor mid-IR lasers with different 

active region structures are reviewed. Then, the subject to be studied in this project is 

proposed.      
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 8

In Chapter 3, technologies for epitaxy growth, characterization and sample 

process for the QD structures are introduced.  

In Chapter 4, the MOCVD growth of InAs/GaAs QDs under the safer growth 

conditions by using TBA as group-V source and N2 gas as carrier gas is investigated. 

The effects of different growth conditions on the QDs formation have been studied in 

detail. After that, a new two-step growth method is proposed to improve dot’s density 

and size uniformity. The 8 band k⋅p theoretical calculation on the transition energies 

of InAs/GaAs QD structure is carried out and compared with the experimental results.  

In chapter 5, 8 band k⋅p theory model is used to design the mid-IR emissive 

QD structures based on InAs/InP QDs by embedding InAs QDs between the InGaAs 

barriers. After that, formation of high density and uniform InAs QDs on InGaAs/InP 

matrix is developed by optimizing the two-step growth method. Then, the designed 

mid-IR QD structures are grown, so that the experimental realization of the designed 

mid-IR QD structures is demonstrated.  

Chapter 6 studies the thermal annealing and Argon plasma exposure induced 

intermixings on QD structures. The thermal annealing effects on the QDs’ energy 

band gap tuning are studied first for the QD structures with different QDs’ upper-

barrier, top-cap thickness and dot density. Then, the Argon plasma enhanced 

intermixing is investigated in tuning the QDs’ energy band gap. The spatial selective 

intermixing has been proposed and experimentally demonstrated based on the plasma 

exposure and SiO2 masking techniques.    

Finally, the last chapter, Chapter 7, concludes the major contributions of this 

PhD project, and recommends possible works for future research.   

         
 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 2. Background 

CHAPTER 2. BACKGROUND  

 

2.1 Introduction 

This chapter presents the background of developing III-V semiconductor QDs 

for mid-IR emission. In Section 2.2, different material systems for mid-IR emission 

are discussed. Section 2.3 provides a survey on III-V semiconductor mid-IR lasers, 

including the mid-IR lasers with double heterostructure (DH), quantum well (QW), 

quantum cascade (QC), quantum wire (QWR) and QD structures as the active region. 

Based on the literature survey and current situation, the subject to be studied in this 

project is proposed and presented.     

 

2.2 Material system for mid-IR emission 

Many potential applications of mid-IR devices have attracted intense 

researches based on the different material systems. Table 2.1 compares different 

material systems for mid-IR laser applications. It shows that both IV-VI and II-VI 

alloys can be used for lattice-matched mid-IR laser structures with emission 

wavelengths from 2 to 5 μm. However, the poor mechanical and thermal properties 

limit their applications in high power, high reliability and high temperature mid-IR 

lasers. The strong covalent bonding makes III-V alloys superior mechanical and 

thermal properties. Compared with conventional gas or solid-state lasers, III-V 

compound semiconductor lasers are expected to have higher electrical- to optical-

power conversion efficiency (higher than 50% by comparison with 1% ∼ 2% of 

conventional lasers), larger wavelength coverage (opposite to the fixed emission 

wavelengths by the transition levels of atoms or ions), more flexible and compact. 

 9

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 2. Background 

The mature growth and device processing technologies make the III-V alloy a favorite 

in developing low cost mid-IR lasers. For instance, so far, only Pb-salt lasers based on 

group IV-VI materials are available with continuous-wave (CW) operation up to 

200K emitting at about 4 μm [14, 15].  But Pb-salt lasers have the problems of poor 

thermal conductance and poor reliability. Their output power is low (<1mW). In the 

case of group II-VI materials based lasers, HgCdTe lasers emitting between 2.9 and 

5.3 μm with pulse operation at 90K have been reported [16]. Because of its poor 

thermal conductivity and high mobility of Hg due to its weak ionic bonding, practical 

applications with high output power at high operation temperature of such lasers is 

not possible.  

 
Table 2.1 Comparison of material systems for mid-IR lasers [17]. 

 
Material 
system 

Advantages Disadvantages 

IV-VI • Availability of low band gap 
materials  

• Good carrier confinement  
• RT operation for λ <6 μm 

• Poor mechanical properties 
• Low thermal conductivity 

which restricts maximum 
power to be a few mW at low 
Temperature 

II-VI • Availability of low gap materials 
(HgTe has a negative energy gap) 

• Good lattice matching properties 
(HgTe and CdTe have very close 
lattice constants)

• Poor mechanical properties 
• No high temperature laser 

operation has yet been 
reported due to the instability 
of the materials 

III-V • Availability of mature growth and 
processing technologies 

• Strong covalent bonding allows 
good mechanical and thermal 
properties

• No lattice matched structures 
available for good carrier and 
optical confinement with 
especially λ >3 μm 

 

In order to develop high power, high reliability and high operating temperature 

mid-IR lasers, III-V based semiconductors have obvious advantages because of their 

superior mechanical and thermal properties induced by the strong atoms’ covalent 

bonding. Also, compared with conventional gas or solid-state lasers, III-V compound 

semiconductor lasers are expected to be more compact and lower cost because of their 

relatively mature growth and device processing technologies. So, the new III-V-N 
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materials [18,19] are becoming very attractive for mid-IR laser applications because, 

in principle, they can be used for developing mid-IR lasers’ active region based on 

GaAs and InP substrates. 

In addition to the material system, the laser devices’ active structures also 

affect the laser’s performance. With the advanced epitaxy technology, growth of III-V 

semiconductors based low-dimensional structures, from QW to QDs, becomes 

possible. Intense efforts have been devoted to developing these low dimensional 

structures for mid-IR applications. In the following Section, evolution of III-V alloys 

based mid-IR lasers is presented.    

 

2.3 Evolution of III-V semiconductor mid-IR lasers 

Researchers began to develop III-V semiconductors based lasers working in 

mid-IR 2-5 μm region over two decades ago [10]. These semiconductor mid-IR lasers 

were with DH structure active region. Generally, the DH lasers have high threshold 

current, low output power and low maximum operating temperature, etc, which 

restricted their applications [20]. Using QW as the active region of the laser structure 

enhanced the device’s performance [21,22]. Mid-IR emissive QC structures were also 

proposed [23, 24] for developing long wavelength mid-IR lasers with suppressing 

Auger nonradiative recombination. Now, QWR [25], quantum dash (QDH) [26] and 

QDs [27] have attracted much attention due to their applications in high performance 

mid-IR lasers.  

In the following, a survey of different approaches in III-V semiconductor 

compound active regions for mid-IR laser structures is provided. The performance of 

mid-IR lasers with different designs of active region has been compared and discussed. 

The progress in the active region structures for achieving higher performance mid-IR 
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lasers and the recent development of III-V-N based semiconductors for mid-IR 

applications have been shown. 

 

2.3.1 Double heterostructure to quantum well 

The first successful semiconductor mid-IR laser was with InGaAsSb DH 

active structure grown on GaSb substrate reported by C. Caneau [10]. In the operation 

of the DH laser, the laser transition is realized through recombination of the injected 

electron-hole pairs, which are free in all three dimensions in InGaAsSb bulk active 

region. The reported device structure was grown by liquid phase epitaxy (LPE) and 

emitted at 2.2 μm. GaSb based material system has attracted most researchers’ interest 

for developing mid-IR DH lasers. This is because InGaAsSb quaternary alloy can be 

grown lattice-matched to GaSb substrate by controlling its composition, and at the 

same time, this alloy has a room-temperature (RT) direct band gap covering the 

wavelength range between 1.7 μm and 4.3 μm. But, because of the very large 

miscibility gap, composition of InxGa1-xAsySb1-y alloy with lattice-matched to GaSb is 

limited to x ≤ 0.22 [28] or x ≥ 0.84 [29]. The longest room-temperature emission 

wavelength achievable from this quaternary alloy before encountering the immiscible 

is 2.3 μm. To achieve emission wavelength beyond 2.3 μm, InAs substrate based 

material system has been investigated. Baranov et al. used the 

InAsSb(P)/InAsSbP/InAs material system to extend the lasers’ emission wavelength 

to 3.9 μm measured at 77 K [30]. But the performance of all these mid-IR lasers is 

limited with low differential quantum efficiency of 17% and low maximum operating 

temperature of 180 K.  

    The reasons for the poor performance of these mid-IR lasers with DH active 

region structure are mainly because: First, the DH structures are grown by LPE, while 
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for LPE growth technology, it’s difficult to grow thermally meta-stable material such as 

Al or In contained alloys. LPE is also difficult to grow multiple layer structures with 

sharp interfaces and control the layer thickness precisely [31,32]. However, more 

sophisticated epitaxy growth technologies, such as MOCVD and MBE, can be used to 

grow the meta-stable InGaAsSb or AlGaAsSb alloys. In 1991, H.K. Choi et al [33] 

reported the mid-IR laser structure with closely lattice matched 

GaInAsSb/AlGaAsSb/GaSb DH active region grown by MBE. The laser operated at 

RT with CW operation, and the threshold current density of the laser achieved Jth = 

940 A/cm2. The material quality and hence performance of the lasers have been 

improved by using advanced MOCVD or MBE epitaxy technologies. Second, DH 

active region of the mid-IR laser structures limits the device’s performance. Using 

QWs as the active region in mid-IR laser structure improves the laser performance. In 

a QW laser, electron/hole carriers are confined inside the thin well layer of the QW 

active region. During the laser operation, the lasing is realized through the 

recombination of electrons and holes, which are under one-dimensional confinement 

in the growth direction and free in other two dimensions perpendicular to the growth 

direction. Compared with DH lasers, QW lasers have lower threshold current density; 

the temperature performance [34], differential gain [35] and modulation [36] of the 

mid-IR lasers can also be improved. Since W.T. Tsang at the Bell Telephone 

Laboratory firstly demonstrated QW lasers with very low threshold current density, 

~160 A/cm2 [37], using QW structures as the active region to improve the mid-IR 

laser’s performance has caught more and more researchers’ interests. Following 

sections review the QW mid-IR lasers. 

In QW lasers, QW structure active region is embedded in two spacer layers (or 

waveguide layers) in QW laser structure. The QW layers have lower band gap energy 
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but higher refractive index as compared with the adjacent cladding layers. So the 

carriers are confined in the well layers while the emission beam is confined inside the 

waveguide to prevent it penetrating into the cladding layers [38]. By using different 

alloys, different QW structures can be constructed based on the energy band edge 

alignment of the QW hetero-junction in mid-IR laser structures [39, 40], which are 

presented in the following. 

In type I (straddled) QW structure [40], as shown in Figure 2.1-(a), both 

conduction band edge and valence band edge of the well layer are lower than that of 

the barrier layers. Electron and hole carriers are confined inside the well layer of the 

QW structure. Type I QWs based on antimonide material systems have been widely 

 

 

 

 

 

 

 

 

 

hh1 
hh1 hh1 

hh1 hh1 

Figure 2.1 Different types of QWs in terms of the band alignment, where the  

fundamental electron-hole transition e1-hh1 is shown. 

 

used in mid-IR lasers [20, 21]. Very low loss mid-IR lasers emitting at 2 μm have 

been reported with the critical temperature T0 = 140K. Four GaIn(As)Sb QWs were 

used in the active region of the laser [21]. To extend the emission wavelength beyond 

2 μm for GaSb based type I QW mid-IR lasers, GaInAsSb/AlGaAsSb/GaSb QW 
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structure was used in the laser’s active region. Lasers emitting at 2.4 μm with T0 = 72 

K was demonstrated by improving hole confinement energy with heavily strained 

active region [41]. Lasing at wavelength of 2.78 μm with T0 = 58 K has been reported 

with graded barrier layer structures by varying the waveguide layer from GaSb to 

Al0.9Ga0.1As0.08Sb0.92 [20]. The lasing wavelength based on the quaternary InGaAsSb 

type I QW structures could be increased in principle; but the laser performance 

degrades very fast when the emission wavelength is increased due to the solid phase 

miscibility gap of the GaInAsSb alloy [42]. The longest room temperature emission 

wavelength from GaInAsSb/AlGaAsSb/GaSb QW laser structures reported so far is 

only 2.89 μm, and the laser is under pulse operation mode [43]. In Sb-contained 

alloys, InAsSb is important for long wavelength emission lasers. Lasers with 10 

InAsSb/InAlAsSb QWs as the active region were reported lasing at 3.5 μm with T0 = 

30 K and maximum CW operation temperature up to 175 K [44]. A laser with 15 

InAsSb/InAlAs QWs was reported even lasing at 4.5 μm with T0 =26 K but under 

pulse operation mode [45]. When the Arsenic content in InAsSb alloys used for laser 

active region is increased for extending the lasing wavelength, the lasers’ performance 

becomes lower. This is attributed to: inadequate hole carrier confinement in the Sb 

based QW active structure of the lasers, induced by the reduction of the valence band 

offset of the QWs; and the increment of Auger recombination in the active region for 

the lasers emitting at the longer wavelength [46]. So, till now, mid-IR type I QW 

lasers with impressive performance are fabricated based on 

GaInAsSb/AlGaAsSb/GaSb material system. The lasers emitting at 2.4 μm have been 

reported with a room temperature CW output power of 1050 mW. Besides, laser’s 

threshold current density and differential gain have been greatly improved due to the 

QW compressive strain [41].     
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On the other hand, III-V-N semiconductors have been becoming more 

important in type-I QW for mid-IR applications. In principle, InGaAsN and InAsN 

alloys with the energy band gap in mid-IR emission region can be lattice matched to 

two commonly used GaAs and InP substrates. For InGaAsN alloy lattice-matched to 

GaAs or InP substrates, its emission wavelength can cover the full mid-IR region 

from 2 μm to 5 μm [47]. The calculated band gap energy of InAs1-xNx alloy covers 

the wavelength region between 3.4 μm and 5 μm when the nitrogen component x 

varies from 0 to 0.045 only [48, 49]. The energy band gap reduction of III-V alloys 

with incorporation of nitrogen improves the electron/hole confinement in III-V-N 

alloy QW structures. For InGaAsN, the refractive index increases while the band gap 

energy reduces when the nitrogen content of the alloy is increased. The increase of the 

refractive index of InGaAsN alloys is much larger than that of GaInAs [50]. This is 

very important to enhance the optical confinement in InGaAsN based QW active 

region of the laser structures. M. Maier et al. demonstrated the band gap reduction of 

the lattice matched In0.53Ga0.47As alloy grown on InP substrate by incorporating a few 

percent of nitrogen in it [51]. Milind R. Gokhale et al. also reported growing small 

band gap (∼ 0.6 eV) InGaAsN layers on InP [18]. Strained InAs0.97N0.03/InGaAs/InP 

multiple QWs structure emitting at 2.38 μm at 260K has also been reported [19]. 

Besides, I. Vurgaftman et al. proposed 3 - 6 μm laser structures by combining using 

the InAsN and GaAsSb material in the type II QW active region based on InP 

substrate [52]. It shows that III-V-N alloys will be very important in developing high 

performance mid-IR lasers. However, it is still challenging presently to grow high 

crystal quality and composition homogeneity III-V-N alloys by using the epitaxy 

technologies, which needs further research.  

Type II QW structure has been proposed in mid-IR laser structure design to 
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reduce Auger nonradiative recombination induced by the resonance between Eg and 

split-off gap Δo in the QW active region of mid-IR lasers [53]. The band edge 

alignment of typical type II (staggered) QW structure is shown in Figure 2.1-(b). The 

conduction band (CB) edge of the well layer is placed between the CB and valence 

band (VB) of the barrier. The electron and hole carriers in the QW structures are 

spatially separated, and the radiative recombination corresponds to the transitions 

between the conduction band electrons in QW layer and the valence band holes in the 

barrier layer. Although, the efficiency of radiative recombination is reduced in type II 

QWs due to the decreased wave function overlap between the spatially separated 

electrons and holes, it has been demonstrated [ 53 ,22] that, under injection, the 

localized electrons in the QW can ‘pull’ the holes from the adjacent barriers due to the 

Coulomb interaction. Such interaction induces a modification of the band structure 

near the hetero-interfaces, so that holes in barriers are confined in the nearly triangular 

potential wells adjacent to the QW interfaces [40, 54]. So, the probability for the 

holes to be present near the QW is increased, which increases the overlap of electron-

hole wave functions. Mid-IR lasers made of type II QW structures have been reported 

lasing at 2.36 μm [54]. And the laser lasing at 2.35 - 2.65 μm was also reported [53]. 

In order to extend the emission wavelength beyond 3 µm with suppressing the Auger 

recombination, InAs-GaSb-AlSb family based type II multiple QW (MQW) and type 

II superlattice (SL) structures were proposed. For instance, optically pumped four-

constituent Type-II (InAs-GaInSb-InAs-AlSb) MQW lasers emitting at 3.9 - 4.1 μm 

were observed to lase up to 285 K. The stimulated emission at 3.2 µm with T0 of 36 K 

has been demonstrated in an optically pumped type II SL mid-IR laser [55], and 

GaInSb/InAs/AlSb type-II SL pulse operated lasers emitting at 3.3 - 3.9 µm with T0 

of 170 - 84 K have also been reported [8]. However, the performance of type II MQW 
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or SL based mid-IR lasers are still needed to be improved by designing such active 

region structures with increasing the wavefunction overlap and enhancing the hole 

confinement in the barrier layers. A particular band alignment of type-II QW as 

shown in Figure 2.1-(c) with the CB of the well lying below the VB of the barrier is 

called type-II broken-gap (so called type III) QW. In this type of QW structure, the 

lowest energy of indirect radiative transitions can be, in principle, reduced to zero by 

increasing the QW width. So, such QW structure is potential for the longer 

wavelength applications. RT operation mid-IR lasers based on type III InAs/GaSb 

multiple QWs structures were reported lasing at 2.32 μm. But the lasers were with 

low critical temperature, T0, and low quantum efficiency due to the spatial separation 

of carriers in the active region [22].  

An advanced type II design, i.e. type II “W” laser, was proposed by J. R. 

Meyer et al. [46]. This laser structure has four layers in each period of the active 

region (e.g. InAs/GaInSb/InAs/GaAlSb) and takes its name from the shape of the 

conduction band profile. A “W” structure includes a ‘hole’ QW sandwiched between 

two ‘electron’ QWs, which formed a CB profile with a “W” shape. Such “W” 

arrangement advantages the enhancement of the electron-hole wavefunction overlap, 

while keeping the advantage of type II QWs i.e. higher electron confinement and 

reduction of nonradiative Auger recombination rate. Excellent performance lasers 

with such “W” structure have been reported by W W. Bewley, et al. [56]. The active 

region of the laser structure is composed of five W periods of 

InAs(15Å)/GaInSb(27Å)/InAs(15Å) separated by an AlGaAsSb (80Å) bi-dimensional 

spacer layer. This space layer furnishes a two-dimensional dispersion for electrons 

and holes with strong confinement in each “W” period. These QWs are embedded 

into a thick AlGaAsSb separate confinement heterostructure (SCH) layer to maximize 
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the optical confinement in the reactive region, while minimizing the free-carrier 

absorption losses in the doped cladding layers [57]. Besides, a “hole-blocking region”, 

consisting of a 7-period InAs(15Å)/AlSb(14Å) SL, is inserted between the active QW 

and electron-injecting SCH layer to prevent hole leakage from the active QW while 

keeping electrons being able to be injected in. Attributed to such elaborate design of 

the active structure, mid-IR laser emitting at 3.25 μm has been realized operating in 

CW mode up to 195 K with a threshold current density of 1.4 kA/cm2 [56].  

In summary, QW, instead of DH, active region can improve laser’s 

performance greatly. Type I QW reactive region is advantageous for shorter mid-IR 

wavelength region of 2 μm ≤ λ ≤ 3.5 μm; To achieve higher performance type I QW 

mid-IR lasers, it is important to design the QWs with: (i) strong electron/hole 

confinement in the QW to increase the emission efficiency [58]; and (ii) large enough 

refractive index difference between the active region and cladding layers of the laser 

structure to increase the optical confinement [40]. Type II, type-II broken-gap (i.e. 

type III) and type II ‘W’ QW reactive regions are advantageous to extend the 

emission wavelength with reducing Auger recombination. However, to improve the 

type II lasers’ performance further, it is important to increase the hole confinement 

[59] and carrier wave function overlap with minimized internal absorption loss.  

  
2.3.2 Quantum cascade and quantum wire 

Semiconductor QC structure opens a new avenue for designing mid-IR lasers in 

the longer wavelength region. Unlike typical interband semiconductor lasers that rely 

on the electron-hole radiative recombination across the material band gap, QC lasers 

generally rely on one type of carrier, electrons or holes, to achieve the radiative 

emission through intersubband transitions in a repeated stack of semiconductor 
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superlattices. The electron carriers are used due to the large mobility of electrons. The 

repeated QC structures allow recycling of the electrons to increase the optical gain, 

which advantages enhancing lasers’ quantum efficiency. QC lasers have furnished 

impressive results in the long wavelength infrared region [24, 60 - 63 ], and the 

longest wavelength reported so far reaches 2.1 THz, i.e. 141 μm [63]. Nevertheless, it 

is challenging to develop the high performance QC lasers for the applications in the 

relatively shorter wavelength region of 2 ∼ 5 μm. This is because the discontinuity, 

Ec, between the barrier and well layer must be much higher than the inter-subband 

transition energy in order to avoid electron leakage from the QW [

Δ

9]. On the other 

hand, by using the type-II broken-gap heterostructure, a new class of cascade lasers 

has been proposed: the interband QC laser which is based on electron-hole transition 

[64]. So, mid-IR QC lasers can be divided into two types: inter-subband and inter-

band QC lasers as presented below.  

In inter-subband QC lasers, the optical gain is received through electron-

electron transitions in CB [65]. By resonant tunneling through a potential barrier, 

electrons are injected into the upper state of the laser transition region and electrons in 

the lower energy state tunnel away from the well region to realize the population 

inversion. The shorter wavelength inter-subband QC lasers are promising with 

increasing the CB band discontinuity by using GaSb substrate based InAs/AlSb 

material system [66], InP substrate based InGaAs/AlAsSb material [67], or the strain 

compensated MQW structures [68, 69]. Till now, to our best knowledge, the shortest 

wavelength from inter-subband QC structures is 2.5 µm due to the very large CB band 

discontinuity of 2.1 eV between InAs and AlSb [66]. However, it is only the 

spontaneous intersubband emission. In terms of the laser emission, the shortest 

wavelength reported so far is ∼ 3 µm which is based on the lattice matched 
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In0.53Ga0.47As/AlAs0.56Sb0.44 grown on InP [67]. The strain compensated MQW 

engineering has also been used in QC structure design with the lasing emission 

wavelength reported at 3.4 - 3.6 µm [68, 69]. However, when the lasing wavelength is 

shortened, the device performance degrades. One reason can be related to the 

increased influence of interfaces in the structures with reduced thickness of the QW 

layers, where even very small fluctuation in layer thickness can cause intervalley 

scattering under device operation conditions thus reducing device performance 

[66, 67]. On the other hand, inter-subband QC lasers with longer wavelengths of 4 - 5 

µm in mid-IR region have been reported largely [70 -  74]. Till now, the maximum 

CW operation temperature of mid-IR emissive (2 - 5 µm) inter-subband QC lasers has 

been reported to reach above 333 K with the single-mode emission wavelength of 4.8 

µm [72]. This is realized by integrating distributed-feedback technology using buried 

gratings with the high-power Fabry-Perot QC lasers. However, one common factor 

limiting the performances of inter-subband mid-IR QC lasers is the fast (with the 

order of 1 ps) carriers’ nonradiative relaxation between the sub-bands via optical 

phonon scattering, which leads to low radiative efficiency and substantial heating of 

the devices.  

In order to overcome the difficulty of the optical phonon scattering in inter-

subband QC laser structures, inter-band QC laser structures were proposed [75]. In 

inter-band QC laser structures, the optical gain is realized through the resonant inter-

band tunneling in a type-II broken-gap QW structure [64]. By using inter-band QC 

structures, the fast phonon scattering is suppressed due to the opposite dispersion 

curvatures of the electron and hole states. A strong spatial inter-band coupling and the 

optical transitions between electrons and light holes have been received. The shortest 

wavelength from interband QC lasers reported so far is 3.3 µm with CW operation 
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temperature up to 212 K, which is based on Sb-based material system [76]. The 

longer wavelength from 3.6 to 4.7 µm interband QC lasers has also been reported [77 

- 80 ]. Till now, Very good performance of mid-IR emissive, 4.1 µm, inter-band QC 

lasers has been reported with the maximum CW operation temperature up to 269 K 

[78]. To reduce the threshold current density, inter-band QC lasers with “W” QW 

structures by inserting InAs QWs between the GaInSb and AlSb barrier layers in each 

active region have been developed. Threshold current density of such QC lasers 

emitting at around 3.5 µm was reduced to 13.2 A/cm2 under CW operation at 80 K 

[81], and that of the 3.6 µm lasers was as low as 9 A/cm2 under pulse operation at 78 

K [82].  

In summary, QC mid-IR lasers offer various cascade structures engineering to 

optimize the laser performance through improving the carrier transport, suppressing 

nonradiative processes and internal absorption losses. It is advantageous for 

performance QC mid-IR lasers to achieve long mid-IR, e.g. > 3.5 μm, injection lasers. 

However, it is a big challenge to develop QC lasers for shorter wavelength, e.g. < 3.5 

μm, applications, due to the difficulty in enlarging CB band discontinuity. Although, 

by combining using conventional high band gap semiconductors (Al(Ga)As) with low 

band gap nitride-dilute III-V alloys (In(Ga)AsN), CB band discontinuity between 

these semiconductors could be enlarged when the nitrogen composition is increased. 

However, it is still difficult presently to grow high crystal quality III-V-N alloys 

especially with high nitrogen composition [83].       

So, in terms of the practical applications in different wavelength regions, 

lasers with QW active region are promising for relatively shorter mid-IR region (2 - 

3.5 μm) applications, and QC structures are promising for relatively longer mid-IR 

region (3.5 - 5 μm) applications. However, QW and QC active region structures are 
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similarly based on the thin well layers. When the well thickness is thin enough to be 

comparable with the de Broglie wavelength of an electron in a semiconductor (∼ 10 

nm), a structure with carriers confined in one-dimension known as a QW is obtained. 

In such a structure, carriers are confined in the direction perpendicular to the well 

plane (z-direction) by the potential barriers, resulting in a structure having discrete 

quantized energy levels. Along the well plane (x-y plane), the crystal is assumed 

infinite. Generally, density of states (DOS) is used to describe how closely the energy 

levels are packed in the structures of DHs, QWs, QWRs and QDs. The DOS of 

carriers in the QW is modified from the conventional E1/2-dependence for bulk 

material to a step-like dependence as shown in Figure 2.2-(a) and -(b) [84, 85]. By 

increasing the confinement of carriers in the other directions (x and y), systems with 

lower dimensions can be obtained: quantum wire (QWR) and quantum dot (QD) with 

carriers confined in two and three directions, respectively. Especially, when the 

carriers are confined in three directions as in QD structure, the DOS presents with δ-

function-like dependence as shown in Figure 2.2-(d). The main advantages upon  

 

 

 

 

 

 

 

 

QWR 

 

QD 

Figure 2.2 Schematic diagrams of the DOS in the CB and VB for (a) DH, (b) QW, (c)  

QWR, and (d) QD laser. 

 23

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 2. Background 

introducing the lower dimensional QWR and QD as the active medium of a 

semiconductor laser over conventional QW lasers is the improvement in laser’s 

threshold current density, modulation speed and temperature insensitivity [86 - 88 ]. 

In the following, a short survey on QWR structures applied in mid-IR region has been 

presented before the focus on the topic of QD structures.  

QWR, as a low dimensional structure with a wire-like characteristic, needs 

different growth techniques compared with the QW growth. QWR can be formed in 

template channels within the porous material [89], or by selective deposition [90]. In 

general, these approaches yield reasonable control over the diameter of QWRs, but 

produce unwanted polycrystalline or amorphous material. The second method for 

preparing high quality QWRs is through thin film and lithography techniques based 

on the “T-wires” technique [91]. Another commonly used method is based on strain-

driven self-assembly. Self-assembled InGaAs [92] and GaAs [25] QWR lasers grown 

on (775)B-oriented GaAs substrates have been reported. So far, there is no reporting 

on QWR mid-IR lasers. A theoretical analysis predicated the peak emission 

wavelength of a GaAs/AlGaAs QWR structure could reach around 5 μm through the 

transitions between the conduction subbands, i.e. between CB11 and CB21 of the 

structure [93]. Besides, quantum dash (QDH) is also a low dimensional structure. 

QDH is an elongated nanostructure, whose cross section is similar to that of a shallow 

QD, several nanometers × several tens of nanometers, while its length hundreds of 

nanometers. The InAs/InP QDH structures have been demonstrated to have QWR-like 

characteristics [94]. There are very few reports on using QDH as reactive region in 

mid-IR lasers. InP based InAs QDH laser was reported lasing at 2.03 μm with T0 = 43 

K, where InAs QDHs were formed by using strain-driven self-assembly method [26]. 

The internal loss of this laser is as high as 55 cm-1, which is attributed to the local 
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undulations of the refractive index near the QDHs induced by the phase separation 

during growth. So, lower dimensionality in QWR/QDH active medium instead of QW 

is advantageous in improving the laser performance, but the difficulty in forming high 

quality, i.e. uniform in composition/size/interface, QWR/QDH structures restricts the 

practical improvement in QWR/QDH lasers’ performance.  

 

2.3.3 Quantum dots 

From the above discussions, we can see that the major improvements in 

semiconductor laser technology lie in the improvements in carrier confinement and 

optical mode confinement. For instance, the use of DH to improve both carrier 

confinement and optical mode confinement in the late 60’s and early 70’s [95] made 

the commercialization of diode lasers possible. The employment of a QW gain media 

started from the mid 70’s. It confines carriers by reducing the physical space volume 

[96]. Today, diode laser technology based on QW or DH active regions are common. 

However, the use of three-dimensional confinement QDs as laser’s active region has 

introduced many new laser properties.  

Compared with QW and DH lasers, QD lasers are expected to present with: (i) 

Low threshold current density. The much reduced δ-function-like DOS and smaller 

physical volume of the active material means that fewer carriers are needed to invert 

the quantum dots resulting in extremely low threshold current densities [86, 88]. (ii) 

High speed modulation. The δ-function-like DOS results in both high material gain 

and high differential gain. As described in Ref. 97, both these factors contribute to a 

high modulation bandwidth. (iii) Reduced temperature dependence. The δ-function-

like DOS in QDs suppresses the scattering of carriers in momentum space. The 

reduced carrier scattering implies that temperature has less effect on laser 
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performance. (iv) Zero linewidth enhancement factor. The linewidth enhancement 

factor is the ratio of the change of the real part to the change of the imaginary part in 

the refraction index with carrier density. The δ-function-like DOS can be modeled as 

a symmetric Gaussian function. Such a function describes the imaginary part of the 

refraction index, and through the Kramer-Kronig relation, has a zero linewidth 

enhancement factor. This implies no chirp of the lasing wavelength upon modulation 

of the carrier density and no tendency for the formation of filaments in high-power 

laser diodes. 

Due to a great performance improvement expected from QD lasers, using QDs 

instead of QW as the active region in laser structures has attracted much interesting 

since the demonstration of first QD laser in 1994 [27]. Moreover, the QD based 

devices have the advantages in densely packed laser arrays and monolithic integration 

of lasers with low-power electronics, which has many important applications and 

attracts strong research interest in optical interconnects, quantum computing, and 

integrated optoelectronic circuits, etc [98 - 101].  

When it comes to the mid-IR semiconductor QD lasers, till now, only one 

research group reported the QD lasers emitting near 2 μm based on (001) InP 

substrate [102], where single-layer self-assembled InAsSb QDs were used in the 

active region. The laser can operate under CW mode up to 25 oC. But the threshold 

current density is 730 A/cm2, which is much higher than the 32.5 A/cm2 achieved 

from the InAs/GaAs QD laser emitting at 1.25 μm [103]. One of the main reasons for 

so few reports on mid-IR QD lasers and the limited InAsSb QD laser performance as 

reported is due to the difficulty in preparing high crystal quality and narrow size 

dispersive mid-IR emissive dots by MOCVD or MBE. Compared with the relatively 

matured growth of InAs QDs on GaAs substrate, technology on the growth of mid-IR 
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emissive InAs(Sb) QDs on InP substrate is still not mature. Considerable effort is 

required to develop InAs(Sb) QDs for the practical applications [ 104 , 105 ]. 

Accordingly, most of the mid-IR QDs related research till now is still on the stage of 

developing the growths of high quality mid-IR QD structures.  

Low band gap material such as InAs and InSb binary compounds or InAsSb, 

InGaAs, InAlAs and InAsP, etc, ternary alloys have been used to form the QDs on the 

InP substrate for mid-IR emissions. Using InP as the substrate for mid-IR QDs is 

because the device process technique of InP based material system is mature, the 

energy band gap of InP is suitable when used as the cladding layer in the mid-IR laser 

structures, and the lattice mismatch between InAs (or InAs-rich alloys) and InP 

substrate is suitable for forming QDs with proper size. For example, InAlAs [106], 

InGaAs [107], InAsP [108], InAsSb [102, 109], InSb [110] and InAs QDs [12, 111, 

112] for mid-IR emission have been investigated. But for most of these QDs, the 

emission wavelength is limited around 2.0 μm. III-V dilute nitride alloys QDs are 

expected to extend their emission wavelength to mid-IR region because of the bowing 

effect on the energy band gap of III-V semiconductors by introducing nitrogen in 

them. However, growing high quality material of these new alloys is still a big 

challenge as mentioned previously. Another method to develop the QDs for mid-IR 

emission is to redshift the QDs’ emission wavelength by adjusting the strain/barrier in 

QD structures. Different approaches have been engaged to extend the emission 

wavelength of InAs/GaAs QD structures for optical communication applications 

[113,114,115,116,117,118], which include inserting a strained Ga-rich InGaAs layer 

between InAs QDs and GaAs buffer layer [116], capping an InGaAs layer on InAs 

QDs [113, 115, 117], and embedding InAs QDs between strained InGaAs or GaAsN 

barrier layers [114, 118], etc. On the other hand, InAs/InP QD structures are expected 
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to be used for mid-IR, 2 ∼ 5 μm, applications by sandwiching InAs QDs between 

In(Al)GaAs confinement layers. However, InAs QDs grown on In(Al)GaAs/InP 

matrix are generally with low dot density and large dispersive size distribution [12, 13, 

119, 120]. The low dot density is mainly caused by the reduced strain between InP 

and InAs with comparison to that between GaAs and InAs. Non-uniformity in dot size 

is mainly due to the nucleation process in the conventional SK QDs self-assembly 

method. In the conventional SK method, the growth procedures of nucleation, island 

growth till the final dot formation are generally completed under the same growth 

conditions. This limits the further optimization in QD formation. All these restrict the 

mid-IR InAs/InGaAs/InP QDs device development. In addition, the reported longest 

interband transition based emission wavelength from InAs QDs is only 2.1 µm till 

now, where the InAs dots are grown on In0.53Ga0.47As/InP matrix [12]. The constant 

band gap of In0.53Ga0.47As barriers used in the InAs QD structures makes it difficult to 

extend the dots’ emission wavelengths further, which restricts InAs QDs’ applications 

in the mid-IR field. In order to develop mid-IR QDs devices, how to grow higher 

quality and longer wavelength mid-IR QDs becomes urgently needed. 

Correspondingly, the two challenges of how to grow InAs QDs on InGaAs/InP matrix 

with high dot density and narrow dot-size dispersion, and how to extend the emission 

wavelength of InAs/InGaAs/InP QD structures to > 2.1 µm become the main research 

topics of this PhD project. 

 

2.4 Summary 

This chapter first presents why to select III-V semiconductor material for mid-

IR device applications. Then, a detailed literature survey is provided on the 

development of III-V semiconductor mid-IR lasers based on different active region 
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structures, from multiple dimensional DH structures to low dimensional QW/QD 

structures. Finally, based on the literature review and current situation, the work to 

develop zero dimensional QD structures for mid-IR emission application is proposed 

as the main subject for this PhD project.     
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CHAPTER 3. TECHNOLOGIES FOR QDs STUDY 

 

3.1 Introduction 

In this chapter, epitaxy technology of metal-organic chemical vapor deposition 

(MOCVD), which is used for growing the QD structures in this research project, is 

introduced. Then, self-assembly growth of QDs is discussed. Four characterization 

methods of atomic force microscopy (AFM), photoluminescence (PL), Transmission 

Electron Microscope (TEM) and x-ray diffraction (XRD) are presented. Finally, 

sample process technologies of inductively coupled plasma (ICP) and rapid thermal 

annealing (RTA) are also introduced. 

 

3.2 MOCVD epitaxy technology 

MOCVD is the most versatile thin film deposition technology for compound 

semiconductors epitaxy growths. It is also referred to as Metalorganic Vapor Phase 

Epitaxy (MOVPE). The acronyms OMCVD and OMVPE have also been used with 

the OM standing for organometallics. Besides, generally used AP-MOCVD stands for 

atmosphere MOCVD, LP-MOCVD stands for low pressure MOCVD. MOCVD 

growth technique was developed at the end of the 1960’s [121]. It is a variant of 

vapor phase epitaxy technology where metalorganic compounds are used as 

precursors. MOCVD is now a widely used deposition process in both research and 

commercial production activities. It has demonstrated growth capability for state-of-

the-art electronic devices such as laser diodes, LEDs, photodetectors, solar cells, field 

effect transistors (FETs), high-electron-mobility-transistors (HEMTs) and 

heterojunction-bipolar transistors (HBTs), etc.  

In this work, a quartz horizontal reactor of LP-MOCVD system 
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(AIX200(#1499)) developed by AIXTRON Corporation. It consists of three main 

parts: precursors and gas handling system, MOCVD reactor with Filmetrics in-situ 

growth monitoring system, and vacuum and exhaust system. In the following, first 

two parts will be given detailed introduction. The system is fully computer controlled. 

Figure 3.1 shows the system photo.  

 
Figure 3.1 The MOCVD system under the growth process. 

 

(i) Precursors and gas handling system     

In order to improve the process safety and cut down the cost at the same time, 

the inert gas, nitrogen, is used as the carrier gas to replace the hydrogen in our system. 

The material quality of epitaxial layers/structures by MOCVD using nitrogen as the 

carrier gas has been proved to be comparable to that of layers/structures grown with 

hydrogen [122, 123]. Besides, the higher degree ordering in GaInP growth [124] and 

increased AlGaAs layer homogeneity [125] by using nitrogen carrier gas instead of 

hydrogen have been demonstrated. The increased layer uniformity in nitrogen is 

attributed to the enhanced growth rate uniformity due to the larger inertia of nitrogen 

carrier gas and the reduced diffusion coefficients of chemical species in nitrogen. On 

the other hand, MOCVD process generally uses high toxic hydrides AsH3/PH3 as 

group V-precursors. For safety reasons, organic-arsines tertiarybutyl-arsine (TBA) 

 31

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 3. Technologies for QDs study 

and tertiarybutyl-phosphine (TBP), which are less toxic and have higher 

decomposition efficiency, have been used as replacements for arsine and phosphine in 

MOCVD growth [126, 127]. Devices made from structures grown with TBA exhibit 

state-of-the-art performance [128].  

The function of gas handling system is mixing and metering of the gases that 

enter the reactor. Timing and composition of the gas entering the reactor determine 

the epilayer structure grown. For safety and to achieve growing structures’ high 

properties by preventing oxygen contamination, fully leak-tight stainless steel tubes 

are used to transfer metalorganics (MO) from the sources to either the reactor 

chamber or the vent. The ultrahigh purity (99.999% pure) N2 is passed through a 

SAES Pure Gas N2 purifier (PS4-MT3-N-2) to remove any oxygen, water, 

hydrocarbons, and other impurities. Compressed air controlled valves are used to fast 

switch on or off the gas flows to ensure the growth for thin film with abrupt interface 

and QD structures, and the flow rates of the source are controlled by mass flow 

controllers (MFC) and pressure controllers (PC) to keep growth versatile and stable. 

Fifteen metalorganic sources are connected to the reactor in our system: five group III 

sources are two trimethylindium (TMIn), two trimethylgallium (TMGa), one 

trimethylaluminium (TMAl) sources; six group V sources are two TBAs, one TBP, 

one trimethylantimony (TMSb), one trimethylbismuth (TMBi) and one DMHy 

sources; four adulteration sources including one trimethylarsine (TMAs), one 

dimethylzinc (DMZn), one ferrocene (Cp2Fe; Cp is not a element, but the shorthand 

for cyclopentadienyl anion or C5H5
- ) and one SiH4 are used. For this particular 

application of our project, TMIn/ TMGa lines for providing group-III sources and 

TBAs/TBP lines for group-V sources are used to grow the InAs/GaAs and 

InAs/InGaAs/InP QD structures. All the MO sources are stored inside bubblers and 
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their temperatures are controlled by LAUDA thermostats. The pumps of LAUDA 

thermostats pump the heat carrier (bath liquid) through the heat exchanger of the 

through-flow cooler. To lower the source temperatures, the through-flow cooler 

continuously cools down until to the set source temperatures and then the thermostat 

maintains the required temperatures by means of controlled counter-heating. The 

amount of the MO sources transported from the bubblers to the reactor is determined 

by the source vapor pressure, carrier gas flow rates and the total pressure inside the 

bubblers, which are controlled by the thermal bath temperature, MFC and PC. If the 

flow rate is not very high, the equilibrium evaporation condition can be assumed 

inside the bubblers, thus the source flow rate (κ ) is given by: 

MOBubbler

MO
Total PP

P
−

= κκ ,                                                                                        (2.1) 

where  is the partial pressure of the MO source inside the bubbler which is the 

function of source temperature and can be found from charts provided by the MO 

manufacturer. In the equation (2.1), it is assumed that the MFCs are connected to the 

inlet of the MO source bubblers. 

MOP

 

(ii) MOCVD chambers 
 

Shown in Figure 3.2 is a schematic of the MOCVD chamber of the system 

used in this research. It consists of reactor, glove box, transition box and an attached  

Filmetric. The reactor is a horizontal quartz tube with 18 mm in height and 25 mm in 

diameter. Inside the reactor tube a graphite susceptor is used to put wafer for growth. 

It is 15 mm in height and 20 mm in diameter. The susceptor is connected to a linear 

sample translator that provides a means of shuttling substrates/samples between the 

quartz duct and the glove box at the end of the reactor. The glove box is adjacent to 
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but separated from the reactor by a gate valve. Before and after growth, the substrate 

loading and sample unloading are performed inside the glove box while it is isolated 

from outside by a transition vacuum box, which is good for the safety of the operator 
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 Figure 3.2 Schematic diagram of the MOCVD chamber. 

 

and also prevents contamination of the MOCVD chambers. The substrates are 

mounted in a molybdenum sample sled, and the sled rests on a longitudinal slot cut 

into the susceptor. During growth, the sample rotates at a speed of 50 rpm so that 

epilayers grown are with extremely uniform composition and thickness. An 800 W 

infrared lamp located below the reactor tube is used to heat the sample to the desired 

temperatures, which is around 500 oC for growing the InAs QDs.  The top wall of the 

reactor is cooled by and aluminum heat exchanger supplied with chilled water. The 

heat exchanger is required to reduce undesired deposition of the MO precursors on the 

reactor walls. During deposition, nitrogen purge flow enters the reactor at one end of 

the sample manipulator. The MO compounds are introduced into the reactor at 

beginning of the quartz tube. In order to avoid the gas phase reaction between sources, 

the group III and group V/adulteration sources are transferred to the growth chamber 

separately. At the top flange of the reactor, they are mixed and uniformly pushed 

through the stainless steel meshes into the growth chamber. The precursors mix with 
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the N2 purge gas and then flow over the heated substrate. The reactor pressure can be 

maintained at 20 mbar to 500 mbar during the growth process by a BARATRON 

gauge and exhaust control valve installed at the end of the quartz tube. The Filmetrics 

F30 is a spectral reflectance system that in-situ measures the thickness and optical 

constants of thin film layers deposited on substrates. The system is PC-based and 

integrates measurement and analysis software with a spectrometer and fiber optic 

measurement hardware. 

To take the InAs layer growth as the example, the major processes included in 

MOCVD growth in the reactor are shown in Figure 3.3. The complicated processes at 

the growth interface are determined by the growth temperature, growth chamber 

pressure and the partial pressures of each source, etc. A description of the overall  

growth process becomes very complicated due to a complex interplay between gas-

phase and surface chemistry as well as hydrodynamics. A general categorization into 

different MOCVD growth regimes can be made [129] based on whether the growth  
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Figure 3.3 Schematic diagram of the growth process in the MOCVD reactor.  
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rate is limited by surface kinetics or mass-transport (applicable to the growth 

temperature < 800 oC). At conventional growth temperatures of 600 - 800 °C the 

MOVPE process is mass-transport limited, so that, to first order, growth rate and  

group III composition control is dependent mainly on the input partial pressure of the 

group III MO reactants in the reactor. In this regime the surface reactions are 

relatively fast, and the limiting step is the arrival flux of reagents by diffusion through 

a mass transport boundary layer above the heated susceptor. In contrast, for certain 

applications it is necessary to slow down the kinetics by lowering growth temperature 

(< 600 °C) as in growths of highly strained QDs. However, low reactor temperature 

induces the surface-kinetics controlled growth regime. This weakens the dependence 

of layer growth rate on the input srouce flux, and sometimes comes with unwanted 

complications related to the incomplete source pyrolysis and by-product desorption. 

For example, the growth rate of InAs is temperature dependent over a large 

temperature interval in the mass transport temperature regime. But, at low 

temperatures (< 500 °C), the growth rate of the InAs layer is mainly dependant on the 

surface reaction rate but not on the input source flux. In this case, an effective way to 

increase the layer thickness is to prolong the growth time not to increase the input 

source flux. The surface reaction rate is affected by multiple factors, including the 

diffusion of the adsorbed species on substrate surface, the incorporation of the 

constituent elements into the crystal lattice, and the desorption of the reaction by-

products, etc. For QD growth, diffusion length reduction of MO reactants at low 

temperature is advantageous to increase QD density. However, the crystal quality of 

the QD layers degrades due to the incomplete source pyrolysis and/or incomplete by-

product desorption. To develop QDs for laser applications, the high performance, i.e. 

high crystal quality and high density, QDs are needed. So, the growth temperature 
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cannot be too high or too low in order to receive high performance QDs. As a balance, 

the temperatures in MOCVD reactor for the growth of QDs layer in QD laser 

structures are generally set at around 500 - 550 oC as reported [130 -  132]. Also, this 

is main temperature range for InAs QDs growth in this work. On the other hand, 

MOCVD growth of the high crystal-quality GaAs or InP cap layer in QD structures 

needs ≥ 550 oC reactor temperature. However, direct reactor temperature ramping-up 

after QD layer growth will destroy the dots formed due to the evaporation. So, in 

order to protect the formed QDs and also improve the cap layer crystal quality, a very 

thin covering layer is generally deposited at the same temperature as that for QDs 

growth before increasing the temperature for the cap layer deposition.  

In addition, we have studied the stability of our MOCVD system on QDs 

growths and found that the system is well stable in re-producing the QDs in terms of 

the dot morphology and crystal quality. This guarantees the validity in 

studying/comparing QD’s morphologies throughout the MOCVD epitaxy 

development for forming higher quality QDs by optimizing the growth conditions.   

 

3.3 Self-assembly growth of QDs  

Totally, there are two approaches for QDs preparation. One is based on the 

patterning with electron beam lithography. The other is the self-assembly method. In 

the first method, the electron beam lithography is used to pattern the nanostructures 

[133, 134]. The advantage of the patterning method is to produce the QDs with 

uniform size. However, this method is difficult to produce high density QDs and is 

expensive to pattern so with a time consuming and low yield process. Self-assembly 

method of growing III-V semiconductor QDs is realized by depositing the lattice 

mismatched material on the host substrate. Driven by the lattice-mismatched strain 

 37

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 3. Technologies for QDs study 

between the deposited material and the substrate, the deposited material, after several 

monolayers (MLs) deposition, will nucleate, grow into islands and the final QDs. 

Compared with the patterning method, the self-assembly method has the following 

two obvious merits. First, self-assembly method has been successful in preparing QDs 

with high density of dislocation-free nanostructures [ 135 , 136 ]. Secondly, self-

assembly is also more economical. So far, the best semiconductor QD devices 

reported were received by using self-assembly QDs method instead of using electron 

bean lithography patterning method [ 137 , 138 ]. However, the challenge of self-

assembly method is to grow QDs with high crystal quality and uniform size, which is 

one of the main factors restricting the performance improvement of QD devices.  

In this research project, self-assembly method is used to form the InAs QDs on 

GaAs or InP substrates. In the following, the self-assembly QDs growth mode will be 

introduced with thermodynamic treatment. In III-V semiconductor heteroepitaxy, to 

take InAs/GaAs as the example, the chemical potential at the InAs/GaAs interface is 

higher than that of the bulk crystal due to the lattice mismatch and chemical 

composition difference. The chemical potential of each subsequent monolayer μ(n) 

from the interface are mainly dependant on the desorption energy of deposited 

material, the misfit dislocations and/or the homogeneous strain arising from the lattice 

mismatch, which can be approximately described with the expression [139, 140]:  

                                                              (3.1)     )]()()([)( ' nnnn edaa εεϕϕμμ ++−+= ∞

where μ∞ is the chemical potential of the infinitely thick crystal, i.e. bulk crystal, of 

the deposited material; φa is the desorption energy of the bulk crystal, and φ′a(n) is the 

desorption energy of the grown material after n-monolayer deposition; εd(n) is the 

energy of misfit dislocations and εe(n) is the energy of the homogeneous strain 

between the deposited material and the host-substrate. The major three growth modes 
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(Figure 3.4), which are mainly dependant on the lattice mismatch degree between the 

deposited material and host substrate, can be derived from the expression.  

Frank-van der Merwe growth: The chemical potential of the deposited 

material μ(n) is dependent on the atomic distance between the deposited layer and the 

substrate. Considering the very small lattice mismatch between the deposited material 

(c) (a) (b) 
 

Figure 3.4 Schematic diagrams of three growth modes for heteroepitaxial systems:  

(a) Frank-van der Merwe layer-by-layer growth, (b) Volmer-Weber direct 3-D island  

growth and (c) Stranski-Krastaanow layer-by layer followed by 3-D island growth. 

 

and substrate, εe(n) << μ∞ is received. If the first monolayer of the deposited material 

adheres better to the substrate than to itself, we receive φ′a(1) > φa, and then μ(1) < μ∞ 

based on equation 3.1. Here, no misfit dislocation in the interface is assumed, so with 

εd(n) = 0. When the deposited layer thickness, i.e. the number n, increases, the 

desorption energy of the deposited material φ′a(n) approaches that of bulk crystal φa. 

As a result, the μ(n) approaches μ∞. So, the chemical potential increases continually 

till reaches the bulk crystal level. This is the thermodynamic case of Frank-van der 

Merwe (FM) epitaxial growth. The chemical potential as function of the monolayer 

thickness of this growth mode is shown in Figure 3.5 after Sotyanov et al. [141]. In 

this growth mode, layer-by-layer growth occurs since the lower layer is energetically 

favored to complete before the subsequent layers above it [142]. Examples of FM 
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Figure 3.5 Chemical potentials for Frank-van der Merwe, Stranski-Krastanow and  

Volmer-Weber type growth as a function of monolayer thickness. 

 

growth include the epitaxy of AlxGa1-xAs on GaAs, low Indium compositions of 

InxGa1-xAs on GaAs, low Arsenic compositions of InAsxP1-x on InP, and 

In∼0.53Ga∼0.47As on InP so on. So, this layer-by-layer growth mode is not applicable to 

the QDs growth.  

Stranski-Krastanow growth: If the lattice mismatch induced homogeneous 

strain between the deposited material and substrate is substantial and significant as 

compared to μ∞, so that 3-D islands formation occurs after a few monolayers layer-by-

layer growth. In this case, φ′a(1) > φa, and then μ(1) < μ∞ is received with assuming 

εd(n) = 0 and a small εe(1) (see equation 3.1). When the deposited monolayer 

increases, the accumulated strain, εe(n), increases quickly, and φ′a(n) approaches φa. 

Upon reaching a critical coverage (n = ncritical), εe(ncritical) increases to a maximum 

level, thus μ(ncritical) > μ∞. If the layer deposition continues, i.e. n > ncritical, εe(n) starts 

to decrease with strain partial relaxation by coherent 3-D island formation. 

Correspondingly, the chemical potential increases initially with the deposited layer 

thickness as the FW growth mode (see Figure 3.5) till reaching the maximum level at 

the critical coverage, and then lowers down to μ∞ with the deposited layer increase 
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further. The critical coverage is the thickness at which the 2-D film to 3-D island 

growth transition occurs. This is called the Stranski-Krastanow (SK) self-assembly 

growth mode [ 143 ], where an initial layer-by-layer (2-D) growth is 

thermodynamically favorable before 3-D growth occurs. In this project, the InAs QDs 

formation on GaAs or InP substrate is just based this growth mode.  

Volmer-Weber growth: If the misfit is large enough and the interfacial bonding 

between the deposited film and the substrate is weaker than the bonding in the 

deposited film itself, so that the very first layer cannot maintain a strained layer but 

instead immediately initiates a dislocation interface. In this case, φ′a(1) < φa, and εd(1) 

>> 0, then μ(1) > μ∞ with assuming the εe(1) = 0. So, the chemical potential as 

function of the monolayer coverage is with a negative slope, i.e. a decrease of μ(n) 

with increasing the monolayer number n (see Figure 3.5). The chemical potential of 

the subsequent layers only depends on the atom interaction distance from the 

dislocation layers. This leads to immediate island growth, i.e. the formation of the 

subsequent layers occurs before the completion of the preceding layers. This is a 

mode called Volmer-Weber (VW) mechanism [144].    

Among the three growth modes, VM and SK modes could be applied for 3-D 

QDs growth. The specific growth mode depends on the mismatch magnitude between 

QDs material and substrate. If the mismatch is too large, > 10%, the strain is difficult 

to be accommodated elastically by 3-D islanding, and much of it is dissipated from 

the inclusion of misfit dislocations between island-substrate interfaces. These misfit 

dislocations are disruptions in the lattice created in order to accommodate the material 

mismatch. Such QDs are said to be incoherent just as the schematic diagram shown in 

Figure 3.6 (a). The VM mode of growing QDs belongs to this type. Till now, few 

researchers reported VM mode for semiconductor QDs growth, and the reported QDs 
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were with low optical performance due to the dislocations contained in the dots [145].  

When the mismatch strain between QDs and host substrate is proper, i.e. in the 

range between 2% and 10%, the strain induced SK self-assembly growth mode will 

dominate. Islands generated after critical thickness deposition of strained layer on host 

substrate. The thin grown layer on substrate self-assembled into defect-free 3-D 

islands to minimize the total energy of the layer with reducing the strain energy. 

However, the nucleation of islands also increases the surface area so as to increase the 

surface energy, thus providing an opposing force favoring a flat layer. As the 

thickness of the grown layer increases, these two forces exert varying degrees of 

influence on the deposited film. In the first stage, the strain energy is low because of 

the thin deposited layer. The driving force reducing surface energy dominates, and the 

layer remains flat. After a certain thickness, the strain energy dominates and the layer 

tends to 3-D island self-assembly growth. The transition from a quasi-stable thin film 

to self-assembly islands is often called the 2-D to 3-D transition. Within this second 

stage, the increase in thickness past the 2-D to 3-D transition corresponds to an 

increase in the density of the QDs. These QDs are defect-free and are called coherent  

 

 

 

 

 

 

 (a) (b) 

Figure 3.6 (a) A relaxed island of larger lattice spacing with incorporated  

dislocations, and (b) A pseudomorphic coherently strained island of material with  

larger lattice spacing than substrate. 
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QDs as shown in Figure 3.6 (b). The SK growth of QDs, most intensively studied till 

now, belongs to this growth mode. However, if the inlet QD material is too much, the 

third stage begins. In this stage, self-assembly islanding can no longer accommodate 

the strain. Misfit dislocations begin to appear between island-substrate interfaces, and 

the QDs will become incoherent. These incoherent QDs have therefore much lower 

energy than their neighbor, quickly consume the surrounding QDs and become larger 

islands which is also called ripening process. So, control of QDs material inlet is also 

important for coherent QDs growth. But till now, it is still challenging to make the 

mid-IR QDs with uniform size/shape and with high density and crystal-quality by 

using this conventional SK self-assembly method as mentioned above. Much of the 

research work is needed further for better understanding and then renovating the 

conventional SK self-assembly method so that higher quality QDs can be formed.  

 

3.4 Characterization technologies 

In the following, AFM, PL, TEM and XRD four characterization technologies 

are introduced subsequently. When we use these technologies to characterize the 

studied samples in this work, we are always keeping making the received results 

reliable. For it, we keep on double-checking the results from one sample by doing the 

same measurement at least twice at two different locations on one sample, so to figure 

out the typical/average results as that presented in the thesis.  

   
(i) Atomic force microscopy (AFM) 

AFM is one of the surface probe microscopic techniques. It has many 

applications in analysis of the surface property. It can be used to analyze the 

morphology, size and density of nano-particles; it can also be used to obtain the 
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surface depth of the scanned area. In addition, in terms of the sample preparation, 

AFM can image the conducting samples and also the insulators with no need to coat 

them with conductive films, thus with a very easy sample preparation. So, a wide 

variety of organic, biological and inorganic samples can be studied in a 

straightforward manner. Another important potential of AFM for surface chemistry is 

its capability to perform in-situ measurements under liquids and in air. However, it 

should be mentioned that one shortcoming of AFM is the fact that the chemical 

information or material specific properties cannot be obtained from AFM images 

directly [146]. In this study, the tapping-mode AFM, Nanoscope IIIa, is used to 

characterize the surface morphology, including dot-density, dot-size and size 

distribution, etc, of the InAs QDs grown on GaAs or InP substrates.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 Schematic diagram of the tapping mode AFM .  
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The schematic diagram of the tapping-mode AFM is shown in Figure 3.7. 

Tapping-mode AFM operates by scanning a tip attached to the end of an oscillating 

cantilever across the sample surface, where the tip intermittently contacts (taps) 

sample surface during the measurement. The cantilever oscillates at or near its 

resonance frequency with an amplitude ranging typically from 20nm to 100nm. 

During the scanning, the probe-tip lightly taps the sample surface, contacting the 

surface at the bottom of its swing (See Figure 3.7); and the sample is kept constant in 

vertical position and is scanned in the lateral direction. A laser beam is reflected from 

the tip to the split photodiode detector for monitoring the cantilever deflection 

according to the shapes of the sample surface. The signal acquired by the detector will 

be received by a feedback loop. Based on the feedback information, the electronic 

controller adjusts the scanner accordingly in the vertical position, so that the constant 

oscillation amplitude and then the tip-sample interaction during imaging are 

maintained. The computer records the vertical position of the scanner at each (x,y) 

data point to form the topographic image of the sample surface. All the operations 

take place in ambient environments.  

During the AFM measurement, the whole as-grown sample (near a quarter of 

2 inch × 2 inch) can be put directly onto the holder for sample’s surface morphology 

measurement. The surface image given by the AFM in this work consists of 512 × 

512 measurement points and the measurement area is 1 × 1 μm2. The captured images 

can be analyzed by using the off-line image analysis software. For example, the 

surface depth, QD’s height and lateral size can be measured by using the Cross-

Section Analysis software. Figure 3.8-(b) is the Section Analysis results for a cross-

sectional line across the image of Figure 3.8-(a). The vertical and lateral profiles 

along the line display. Based on the profiles, we can figure out the surface depth, 
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QD’s height and width along the line in the image. As shown in the Figure 3.8-(b), the 

right arrow points to one QD with large size. Its height is higher than 20 nm, and its 

width is around 123 nm. The left arrow in Figure 3.8-(b) shows a surface depth. Its 

depth is 13 nm with the width of 67 nm. Based on the measured surface profiles of the 

formed QDs, we can design the dots’ growth mode/conditions for forming the target 

high quality QDs. 
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           (a)                                                                 (b) 

Figure 3.8 (a) A cross-sectional line across the1×1 μm2 top-view image for (b) AFM   

off-line Section Analysis. 

 

The advantages of tapping mode AFM is the high vertical resolution (< 1 nm) 

and lateral resolution (1 nm to 5 nm), and low scraping/damage to samples [147]. 

Also, the AFM measurement gives accurate information about the area density of the 

self-assembled QDs. The accuracy of the AFM apparatus is sufficient to resolve the 

morphology of the InAs QDs studied in this work with the height and diameter around 

8 nm and 50 nm, respectively. If the QD samples are not measured at the same time, 

i.e. using the different tips or using the same tip but interrupted by others, the dot 

morphology received will be affected by the tip geometry convolution. In order to 
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make a reliable comparison in dot morphology for a series of QD samples, we are 

always doing the AFM measurement in series with the same tip for all the samples 

under comparison.  

 

(ii) Photoluminescence (PL) spectroscopy 

The optical properties of the samples were studied mainly by PL spectroscopy. 

PL is a widely-used, non-destructive spectroscopic characterization method which 

gives information about energy states and different radiative recombination channels 

in semiconductors. When a piece of semiconductor is under a non-equilibrium 

condition, e.g. excited by the laser, radiative recombination will take place. A free 

electron and a free hole are created whenever a photon of energy greater than the 

energy gap is absorbed in the crystal. This electron and hole can then be bound 

together by an attractive coulomb interaction force to form an electron-hole pair, 

which is known as exciton. Excitons are unstable with respect to radiative 

recombination in which the electron combines with the hole in the VB, accompanied 

by the emission of a photon. The energy of the photon is equivalent to the crystal 

band gap of Eg as shown in Figure 3.9-(a) [148]. In case of QD structure, the dot’s 

band gap is always blueshifted with respect to that of its bulk and the electron energy 

levels become discrete due to three dimensional quantum confinements in the dots. 

When the QDs are under a non-equilibrium condition, multi-wavelength emissions 

may occur due to a series of discrete electronic states in the dots [149] or due to the 

dissimilar dots’ size. For the same QD material system, i.e. the same lattice-mismatch 

strain between QDs and host substrate, the PL emission wavelength from the QDs is 

mainly determined by the dot size, especially the dot height. However, the emission 

wavelength of the dots is also affected by the strain from the host substrate and the 
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confinement barrier layers. Larger strain will increase the transition energy in the 

dots, thus blueshifting the emission wavelength. This can be used in designing the QD 

structures for different emission wavelength applications. Besides, QD’s PL emission 

intensity is positively dependant on the dot density assuming the same crystal quality 

in the dots, and the PL linewidth will become narrower if the dot size is more 

uniform.  

Low temperature PL measurement, as used in this work, is important since it 

produces a sharper and smoother profile. At lower temperature, the linewidth or the 

full-width at half-maximum (FWHM) of the profile is generally smaller. This is due  
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Figure 3.9 (a) Schematic diagram of laser-excitation-induced electron-hole  

interband transition in the direct-band semiconductors, and (b) Illustration of Fermi  

level distributions at different temperatures [150]. 

 

to the lesser phonon vibration in the crystal at lower temperature, thus the less phonon 

scattering and the less sideband intensity. At RT, the large concentration of phonons 

and the exciton levels merge into the continuum absorption spectrum, thus broadening 

the emission linewidth. Also, at lower temperature, the charge carrier density 

decreases and reduces the sideband intensity, leading to the higher radiative 
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recombination efficiency and higher PL peak intensity. The decrease in the charge 

carrier density is due to the change of the Fermi level to a more abrupt profile at lower 

temperatures, as shown in Figure 3.9-(b). Besides, at lower temperature, the PL peak 

wavelength obtained is shifted to shorter wavelength. This can be explained by the 

increase in the bulk energy band gap at lower temperature, which is formulated as: 

2

( )g go
TE E

T
α
β

= −
+

                                                                                      (3.2)        

where Eg is the band gap energy at temperature T, Ego is band gap energy at 0 K, T is 

the temperature in Kelvin, and α and β are empirical constants [148]. From the 

equation E = hc/λ, where c is the velocity of light and λ is the wavelength, the PL 

peak wavelength attained would be shorter at lower temperature.  

The homemade PL system setup is schematically shown in Figure 3.10. The 

excitation source is an Ar-ion laser with maximum power of 120 mW and peak 

wavelength at 514 nm. An optical chopper is used to modulate the laser beam so that 

signals can be processed by the lock-in amplifier. The laser beam is guided onto the 
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Figure 3.10 Schematic diagram of the photoluminescence measurement. 
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sample attached on the holder in the low-temperature chamber. To minimize the icing, 

the chamber is pumped to the vacuum state (∼ 10-3 milli-torr) by a vacuum pump 

during the low-temperature measurement. The PL irradiation from the samples after 

laser-excitation is directed into the monochrometer. The PL spectrum is decomposed 

by optical grating (60 g/mm) in an Acton Research Corporation monochromator 

through a 0.5-mm-width slit and a 514-nm-wavelength filter, and then is detected by a 

thermo-electric (TE) cooled photodetector. The detector selection is based on 

samples’ emission wavelengths: InGaAs detector is used for short wavelength (0.8-

1.5 µm) measurement, while PbS detector is used for the long wavelength (1.5-3.0 

µm) measurement. The output signals from the detectors are amplified by a SR-830 

lock-in amplifier. Computer interface is used to control the PL measurement. The 

cryogenic temperature ambience (10 K and above), controlled by a temperature 

controller, in a CTI-cryogenics refrigerator is realized by using the cryostat through a 

compressor input with the continuous helium flow.  

 

(iii) Transmission Electron Microscope (TEM) 

TEM has become  a very powerful technique in characterizing the micro-

structure of materials, ranging from ceramic, metal, semiconductor, superconductor, 

and biological [151], due to the strong penetration of high energy electrons. The basic 

picture of TEM is shown in Figure 3.11. The electrons thermally emitted from 

tungsten are accelerated to high voltage (200kV for JEOL 2010F) to the anode by the 

electron gun. Various electron-optic lens and aperture are placed along the path of the 

electron to direct electron motion. The electron-optic lens formed by magnetic coil 

can be easily regulated by adjusting the current flowing through the coil, which makes 

TEM a very convenient instrument to access a large range of magnification and  
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Figure 3.11 Schematic diagram of transmission electron microscope. 

 

different illumination areas. An illumination system consisting of two condenser lens 

(C1 and C2) and a condenser aperture (CA) is used to focus the electron beam on the 

sample. The studied specimen is submerged in the objective lens system consisting of 

an auxiliary lens, a prefield lens and a postfield lens. This lens system collects the 

transmitted electrons scattered from the specimen and form a diffraction pattern on 

the objective back-focal plane and an image at the objective image plane. A 

diffraction lens, an intermediate lens and a projector lens are placed in-between the 
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objective lens system and the view plane. By choosing suitable settings of these 

lenses, the images or the diffraction pattern can be projected to the view plane. An 

objective aperture (OA) is placed at the objective back focal plane for selecting 

different beam(s) to pass through for later imaging, acting as a spatial-frequency filter 

and enhancing the image contrast. A selective area diffraction aperture (SADA) is 

placed at the objective plane for selecting the diffraction only from the area covered 

by the aperture and thus allow a one-to-one correspondence between the image and 

diffraction to be recorded.  

 JEOL 2010F used in this work has a point-point resolution of 0.25 nm and a 

line-line resolution of 0.10 nm. All the lenses are controlled by a CPU and thus the 

operations can be made easy and reproducible. A Gatan YAG/fiber optic TV system 

is attached to the microscope. This can display an image with a magnification of ∼ 106 

allowing the image on an atomic scale to be visible on the video screen. This makes 

correction of astigmatism of the objective lenses involved in the high resolution lattice 

imaging considerably easier than via viewing on the normal screen.  

The specimen to be examined by TEM must be thin enough (∼ 1000Å for 

200kV electrons) so as to allow the transmission of electrons, thus needing preparing 

the thin specimen. This leads to the disadvantage of destructive nature in TEM 

technique. Besides, the preparation procedures of thin specimens are always 

complicated and involve both physical and chemical processes. Skillful and cautious 

work is required to obtain a good specimen for electron transparency [152]. In this 

work, ion milling method is used to prepare the TEM thin specimens due to its ability 

to produce a relatively large thin, electron transparent area. The preparation of TEM 

thin films by ion milling mainly contains following steps: 

Step 1: Cut two 1mm×3mm (x-y direction) rectangular wafers from the grown  
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sample, and apply a high strength conductive epoxy to glue the two 

wafers together by facing the grown epilayers to each other, then 

sandwich them with another two similar sized dummy substrate 

wafers.  

Step 2: Insert the sandwiched wafers into the clamp holder and put them on a 

150 oC hot plate to cure the epoxy for 1 hour. Then, remove the 

sandwiched wafers from the hot plate and use high strength transparent 

wax to attach it onto the holder of the Gatan disc grinder.  

Step 3: Thin the wafers to about 15 µm thick with 1200 grid silicon carbide  

sandpaper, and then use 1 µm, 0.3 µm, and 0.05 µm size alumina  

powders sequentially to polish the wafers to a mirror-like finish. The  

final thickness of the wafers is about 10 µm. 

Step 4: Apply the conductive epoxy as described in step 1 to attach a 3mm 

diameter copper slot grid on the wafers and cure the epoxy at 150 oC 

for 1 hour. Then, dip and clean the wafers and stainless steel holder in 

acetone until the wax is fully dissolved. The wafer is ready for ion 

milling.  

Step 5: Gatan-691 ion polishing system was used in this work. This machine is  

equipped with two ion guns, which can mill the specimen from both 

sides simultaneously. Pure argon was used as the ion source. Two ion 

guns are used simultaneously to mill the specimen through the entire 

process. The milling conditions were set at 5 kV accelerating voltage 

with an ion current of 0.04 µA at an incident angle of 15o. The milling 

continues until the specimen is perforated. Then, the specimen is ready 

for TEM examination.  
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The TEM images are used to study single layer’s thickness and QD’s 

morphology based on the cross-sectional view in this study. Although TEM technique 

is destructive to the sample, it is an important method to study the thickness, interface 

uniformity and crystal quality of the epitaxial layers. Besides, the dot size, shape and 

aspect ratio can be affected by the capping process; the effect is dependant on the cap 

layer’s growth conditions and the strain/composition gradient between the cap layer 

and the dots layer [153, 154]. So, it is necessary to rely on the TEM technique if for a 

more accurate characterization on dot morphology for the capped QD structures.  

 

  (iv) X-ray diffraction (XRD)  

Nowadays， high resolution X-ray diffraction has been developed into a 

powerful tool for the nondestructive ex-situ investigation of epitaxial layers, hetero-

structures and superlattice systems. The information obtained from diffraction 

patterns includes the composition and uniformity of epitaxial layers, their thicknesses, 

the built-in strain and strain relaxation, and the crystalline quality related to their 

dislocation density. The measurement of the diffraction is in principle determined by 

Bragg's Law with the following formula:  

          λθ nd Bhkl =sin2                                              (3.3)     

where dhkl is the spacing of lattice planes with Miller indices (hkl) and θB is the 

corresponding Bragg angle. When a monochromatic X-ray beam with wavelength λ  

is projected onto a crystalline material at an angleθ , diffraction occurs only when the 

distance traveled by the rays reflected from successive planes differs by a complete 

number n of wavelengths. By varying the angle θB, the Bragg's Law condition is 

satisfied by different spacing d in different materials. Plotting the angular positions 
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and intensities of the resultant diffracted peaks of radiation produces a pattern which 

is characteristic of the sample and called rocking curve. The angular separation 

between the zero-order satellite peak of the epilayer and the Bragg peak of the 

substrate in X-ray rocking curve gives the average lattice mismatch information 

between the epilayer and the substrate along the growth axis.  

In X-ray measurement, the rocking curve from a sample is numerically 

simulated using dynamical theory described by the Takagi-Taupin equations [155, 

156]. This approach takes multiple scattering, reflection and absorption of x-rays into 

account and gives the correct reflectivity. Our measurement is implemented with a 

Philips X’Pert Material Research Diffractometer (X’Pert MRD). The system is 

configured with a hybrid monochromator or a high-resolution monochromator. Data  

 

Figure 3.12 The typical schematic structure of Philips XRD system [156]. 

 

collector software is to conduct and plot measured XRD profiles in X’Pert MRD 

systems. Figure.3.12 displays the typical schematic structure of Philips XRD system. 

Incident Beam Part consists of X-ray Tube and Incident Beam Optics. The X-ray tube 

emits a Cu Kα1 radiation with wavelength λ=1.54 Å. The incident beam optics is 

composed of beam attenuator, monochromator and filters. Diffracted beam part 

consists of diffracted beam optics and detectors. The diffracted beam optics consists 
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of Triple Axis Attachment for the reciprocal space mapping (RSM) or Rocking Curve 

Attachment for rocking curve measurements. X’Pert Epitaxy software provides 

functionality to analyze rocking curves, reciprocal space maps and wafer maps. In this 

project, the XRD is only used to study the InAs single layer grown on GaAs substrate. 

Due to the large lattice mismatch (∼7%) between InAs and GaAs crystals, the InAs 

epilayer will relax with the misfit dislocation formation after the critical thickness. 

The dislocation in the epilayer will affect the lattice/composition homogeneity and 

then the intensity and linewidth of XRD curve of the epilayer. So, the XRD curve can 

be used to analyze the composition of the III-V semiconductor single layers and to 

qualitatively evaluate the crystal quality of the grown single layer.       

 

3.5 Process technologies  

 
(i) Inductively coupled plasma (ICP) process 
 

The plasma system used in this work is Plasmalab System100 machine from 

Oxford Instruments Plasma Technology as shown in Figure 3.13 [157]. Plasma is an 

ionized gas with equal numbers of free negative and positive charges. The positive 

charge is mostly of singly ionized neutrals from which single electron has been 

stripped. The majority of negatively charged particles are usually free electrons. In 

this system, the plasma is created by electromagnetic induction when an alternating 

high frequency current in the radio frequency (RF) inductive coil causes a circulating 

current to flow in a low-pressure plasma. The plasma can be initiated by the induction 

coil or by the power applied to another system electrode, usually RF power to the 

substrate electrode. The 13.56 MHz radio frequency (RF) and ICP power supply can 

provide independent control on ion bombardment energy and ion current density with 
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Figure 3.13 A schematic diagram of ICP reactor. 

 

the operation power up to 500 W and 3000 W, respectively. To create a high current 

in the RF coil in this nonresonant design without high reflected power, an RF tuning 

network with automatic matching is mounted close to the coil. The ICP power is 

supplied via a coaxial N-type 50 Ω connector on the matching unit. The matching unit 

contains motor-driven vacuum capacitors and a directional detection unit, which acts 

to make the load impedance presented to the RF generator as close as possible to 50 

Ω. During plasma exposure, the chamber base pressure is maintained at 5 ⋅ 10-5 Torr. 

The ICP chamber is equipped with a water circulator to maintain the chuck (cathode) 

temperature at 60 oC. However, it should be noted that the actual sample surface 

temperature during plasma exposure is higher than the reading from the table 

temperature since the ions produced by plasma is very hot. Based on the ion energy 

(30 eV ∼ 1 keV) in plasma chamber, an average energy of 500 eV is used to 

approximatively calculate the plasma temperature. The calculated plasma temperature 
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is around 5.8 million of Kelvin. Such hot plasma induced thermal effect during the 

ICP process also affects the diffusion process in the QD structures. The ICP system is 

equipped with a back side He-cooled electrode with quartz as a wafer susceptor. The 

QD samples were placed on the silicon substrate to provide a fairly large (168 W/mK) 

heat conduction. Ar ion current density increases nearly linearly with the ICP power 

increase by fixing the RF power. The working pressure affect slightly the ion current 

density generated in chamber. High ion density in the order of 1016 m-3 can be 

generated in such ICP chamber. In the experiment of this work, the ICP and RF power 

was set at 500W and 480W, respectively, and the Ar gas flow rate was set at 100 

sccm with the process pressure set at 60 mTorr. The point defects will be generated in 

the surface layers in the QD samples after ICP plasma exposure. These surface point 

defects diffuse down to the QD active region during high temperature annealing 

process, and subsequently promote intermixing between the dots and barriers, thus 

increasing the energy band gap of QDs.  

 

(ii) Annealing process in Rapid Thermal Processor (RTP)  

Rapid thermal annealing process, as a post-growth sample process, is a simple 

but effective method to adjust the energy band gaps of semiconductor low 

dimensional structures based on the material interdiffusion [158]. A schematic 

diagram of a typical RTP system using tungsten halogen lamps is shown in Figure 

3.14. The RTP consists of four major components: energy source, process chamber, 

temperature measurement apparatus and temperature control part. The thermal 

process is carried out in the single-wafer reactor of the RTP system. The process 

chamber is usually made of quartz, silicon carbide or stainless steel, and has quartz 

windows for the optical radiation to illuminate the wafer. A measurement system is 
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Figure 3.14 A schematic diagram of the RTP machine with the capping configuration  

for QDI process.  

 

placed in a control loop to set wafer temperature. The wafer temperature in an RTP 

system can be measured with a noncontact optical pyrometer or a thermocouple. The 

as-grown and plasma-exposed InAs/InP QDs samples are annealed using a Jetstar 

rapid thermal processor (RTP) in N2 atmosphere to prevent contamination. The 

temperature was controlled by a thermocouple with a high accuracy of ±1 oC [157]. 

One fresh piece of InP proximity cap was used to provide P over-pressure 

environment and prevent the sample surface from P outdiffusion during the annealing 

process. The annealing temperature below 850 oC is chosen to avoid the thermal 

induced damage on QD samples. For the as-grown and plasma-exposed QD samples 

upon the thermal annealing, the increase rate of QD’s energy band gap is different due 

to the extra surface point defects generated for the plasma-exposed QDs. This is 

useful in realizing multi-wavelengths regions across one wafer. In addition, the 

annealing process also removes the grown-in nonradiative centers in QD structures 

especially for the layers grown at low reactor temperature.            

 

3.6 Summary 
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In this chapter, MOCVD epitaxy technology used for growing the QD 

structures in this work is introduced first. Then, self-assembly method for forming the 

3-D QDs is presented. After that, the AFM measurement for characterizing the 

morphology/size of the uncapped QDs, the PL system for studying the transition 

energy of the uncapped/capped QDs, the TEM for characterizing the thickness of the 

grown single layer and the morphology/size of the capped QDs, and the XRD 

technique to study the single-layer’s crystal quality are all introduced. Finally, ICP 

and RTA sample processes related to tune QD’s energy band gap based on the QD 

intermixing is provided. 
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CHAPTER 4. MOCVD GROWTH OF QDs 

 

4.1 Introduction 

This chapter investigates the formation of high density & uniform InAs QDs 

on GaAs(001) substrate grown by MOCVD under the safer growth conditions, i.e. 

using TBA as group-V source to replace AsH3, and N2 as the carrier gas to replace H2. 

Compared with AsH3 source, TBA has lower decomposition temperature [159], which 

is helpful for suppressing the diffusion of dopants in device structures where an 

abrupt doping profile is critical to the device performance. Also, the high source 

decomposition efficiency of TBA allows the layer growths with lower V/III flux ratio, 

thus cutting down the source consumption. Using N2 instead of H2 advantages the 

layer growth with high composition uniformity [125, 160 ]. This is important to 

enhance the photoluminescence (PL) performance of QD structures thus for the 

development of higher performance QDs devices. Among the QDs based on group 

III-V semiconductor alloys, InAs/GaAs QD system has been investigated in 

experiment and theory since 1980’s [161]. For InAs/GaAs QD system, due to the 

large lattice-mismatch (∼7.2%) induced strain between InAs and GaAs bulks, the 

formation of InAs QDs on GaAs is strongly dependent on the deposition method and 

growth conditions. In order to grow high quality, high dot density and size uniformity 

of InAs/GaAs QDs, various growth conditions and methods on the QDs growth have 

been investigated in this chapter. Electron/hole transition energies of the QD structure 

were calculated by using an 8-band k⋅p theory.  

In Section 4.2, the growth parameters including growth time, post-growth 

interruption, growth temperature and source flux were systematically investigated to 

study their effects on InAs QDs formation on the GaAs(001) substrate. In Section 4.3, 
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a new two-step growth method was proposed to grow InAs/GaAs QDs with higher 

dot density and size uniformity. To better understand the two-step growth method and 

to obtain higher-density QDs, effects on the dot formation of the various two-step 

growth conditions, including the internal interruption time between step-1 and -2 and 

the TMIn source flux in step-2 growth have been investigated. Finally, in Section 4.4, 

8 band k⋅p theory was introduced and applied to calculate the transition energies of 

InAs/GaAs QD structure. The theoretically calculated results were compared with 

the experimentally measured QDs’ PL peak transition energies. 

 

4.2 Growth-condition dependence of InAs QDs formation  

To grow InAs QDs on GaAs or InP substrate, it is very important to determine 

the InAs growth rate, since the deposited material for QDs formation needs to be 

controlled in a few monolayers (MLs) thick. To determine the InAs growth rate, InAs 

bulk layer was grown on GaAs for 30 mins. The metal-organic (MO) sources used in 

the growths were TBA, TMGa, and TMIn. The carrier gas, nitrogen, was purified by a 

MonoTorr phase II Getter column with the dew point below –100 oC. Before starting 

the epitaxy growth, the GaAs substrate was annealed at 700 oC for 5 min inside the 

reactor, and then a 300 nm GaAs buffer layer was grown on the GaAs substrate at 680 

oC. After that, the substrate temperature was lowered down to 500 oC for growing the 

InAs bulk layer. The TMIn flux was set at 30 sccm and grown for 30 min. Upon 

finishing the InAs layer growth, the heater was switched off and the system was 

cooled down. The Arsenic over pressure is provided by keeping TBA source flux 

open during the cooling down to protect the sample’s surface until the reactor 

temperature was cooled down to 200 oC. In order to calibrate InAs growth rate, the 

ex-situ measurement of transmission electron microscope (TEM) was done for the 
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grown sample. The accelerating voltage for electron beam in TEM is set at 200 kV, 

and the cross-sectional image is taken along the [ 011 ] direction. Based on the TEM 

 

 

 

 

 

 

 

Figure 4.1 (a) TEM cross-sectional image under g=002 and (b) XRD spectrum of  

InAs bulk grown on GaAs(001) substrate. 

 

image shown in Figure 4.1-(a), InAs bulk thickness is around 80 nm. The InAs 

growth rate is calculated with 0.45 Å/s. Figure 4.1-(b) shows XRD rocking curve of 

the InAs/GaAs sample. The relatively narrow rocking curve of InAs layer indicates 

the good crystal quality. The XRD intensity ratio of InAs layer versus GaAs buffer is 

74%, and the FWHM ratio of GaAs buffer versus InAs bulk reaches 65%. We think 

such InAs crystal is appropriate for calibrating InAs growth rate.   

In the following, the SK self-assembly growth of InAs QDs on GaAs substrate 

was investigated. All InAs/GaAs QDs samples were grown with the reactor pressure 

set at 20 mbar, the V/III ratio was set at 24, and 10 for growing the GaAs buffer layer 

and InAs QDs, respectively. The total flow rate in the reactor was Qtotal = 3.1 slm. 

GaAs epi-ready semi-insulating substrates oriented in (001) ±0.1o direction were used 

for all the growths. Before growing InAs QDs, a 0.3 μm GaAs buffer layer was grown 

on GaAs substrate at 680 oC. Then, the reactor temperature was reduced to the target 
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temperature for growing the InAs QDs. To grow the QDs, very thin InAs layer, few 

monolayers (MLs), was grown as normal; and then the TMIn source was closed for 

the post-growth interruption to let the QDs formed self-assembly. Surface 

morphology of all the samples was studied by using the AFM. The dot formation is 

affected by the growth conditions, including growth time, post-growth interruption, 

growth temperature and source flux, etc, which are discussed in detail below.     

 

4.2.1 Effect of the growth time  

To study the effect of the growth time (layer thickness) on the InAs QDs  

formation on GaAs substrate, five samples, samples (a) to (e), were grown by 

changing the InAs layer growth time. The substrate temperature and InAs growth rate 

was kept at 500 oC and 0.15 ML/s, respectively. All other growth conditions are the 

same for the five samples. Figure 4.2-(a) to -(e) compares the surface morphology of 

the five samples deposited with different InAs layer growth time. It is observed that 

when the growth time was equal to or less than 10 seconds, no QD was formed. When 

the InAs layer growth time increased to 12 seconds, QDs started to be formed as  

Figure 4.2 3-D 1×1 μm2 AFM images with dot-density insets of samples (a), (b), (c),  

(c) 

60nm 

(d) (e) 

60nm 

60nm 

(a) 

60nm 

(b) 

0.6×1010cm-2   0.1×1010cm-2     

0 cm-2    0 cm-2    

0.5×1010cm-2   

60nm 

(d) and (e), grown by depositing InAs for 8 s (1.2 MLs), 10 s (1.5 MLs), 12 s (1.8  

MLs), 15 s (2.25 MLs) and 18 s (2.7 MLs), respectively, after GaAs buffer growth. 

 64

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 4. MOCVD growth of QDs  

shown in Figure 4.2-(c), but with very low density, ~1×109 cm-2. Average dot height 

hg of the samples was calculated by using the following formula [162].  

                                        
N

hn
h n

g
)log(

log 10
10

∑
=                                                          (4.1) 

where N is the total number of the dots counted on the sample, n is the number of the  

QDs with the same dot height of hn. The average dot diameter was calculated using 

the similar equation. The calculated average dot height and diameter of sample (c) is 

10.0 nm and 35.5 nm, respectively. Based on the dot size and number obtained, total 

volume of the QDs can be calculated by taking the dot with pyramid shape. The total  

volume of QDs of the sample was equivalent to a nominal thickness (assuming 1 ML 

= 0.3 nm) by dividing the QDs volume with the scanned area. In QDs self-assembly 

growth, a thin 2-D layer forms below before the 3-D nucleation starts, as mentioned in 

Section 2.3.2 of Chapter 2. The thin 2-D layer is called as the wetting layer. The 

thickness of InAs wetting layer was received by deducting the QDs nominal thickness  
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Figure 4.3 InAs material consumption during InAs wetting layer and QD growth  

under different InAs deposition time. The two solid curves show wetting layer and  

QDs, and dot-line with + symbol is related to the total input InAs monolayer. 
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from the total input InAs layer thickness. Figure 4.3 shows the evolution of the InAs 

material consumed for growing the wetting layer and the QDs with different InAs 

growth time. It shows that if the total deposited InAs layer thickness is less than 1.5 

MLs, as in the cases of sample (a) and (b) in Figure 4.2, only the wetting layer is 

grown, no dot is formed. QDs formation started when the total deposited InAs layer is 

thicker than 1.8 MLs, as the shown samples (c), (d) and (e). For sample (d), the total 

input InAs material is 2.25 MLs, increased by 0.45 ML compared with that of sample 

(c). But, the QDs nominal thickness of sample (d) is 0.7 ML, 0.55 ML thicker than 

that of sample (c) with 0.15 ML QDs nominal thickness. The received wetting layer 

thickness of sample (c) and (d) is 1.65 MLs and 1.55 MLs, respectively, as shown in 

Figure 4.3. The reduced wetting layer thickness, or the more increase of QDs nominal 

thickness than that of the total input InAs material, from sample (c) to (d) shows that 

some InAs material was decomposed from the wetting layer and transferred to the 

dots during their formation. The similar decomposition of wetting layer was also 

observed in the InAs/GaAs QDs growth by using AsH3/H2 [163]. The reason for InAs 

material transformed from wetting layer to islands is because the strain energy in 

wetting layer is further relaxed into surface energy by forming more islands [164]. 

However, when the InAs growth time was increased to 18 seconds, the input InAs 

material is too much. At this time, the InAs islands no longer accommodate the strain, 

thus inducing misfit dislocations formation between island-substrate interfaces. This 

makes the QDs become incoherent and grow into larger islands by consuming the 

surrounding dots, i.e. the ripening process [165 ]. So, the dots of sample (e) are 

obviously larger in dot-size and lower in dot-density than those of sample (d). From 

this study, we can see that the growth time control is critical for forming coherent 

QDs. For the InAs/GaAs QDs grown under current conditions, the InAs growth time 
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of 15-seconds, i.e. the input InAs material of 2.25 MLs, is the optimized growth 

condition, which will be used in the following QD study based on the different post-

growth interruptions and growth temperatures.     

 

4.2.2 Effect of the post-growth interruption 

To study the effects of the post-growth interruption time on the QDs formation, 

four samples, samples (f), (g), (h) and (i), were grown at 500 oC with the same InAs 

layer thickness of 2.25 MLs. All other growth conditions of the four samples were the 

same, only the post-growth interruption time was varied from 0 to 20 seconds. During 

the post-growth interruption, the reactor temperature was kept the same, i.e. 500 oC, 

as that for growing the dots; the TMIn source was switched off but the TBA source 

was kept open. For the four samples studied, after post-growth interruption, the heater 

of the reactor was switched off to ramp-down the reactor temperature by the rate of 6 

oC/min. The TBA source was still kept open until the reactor temperature reached 200 

oC. For sample (f), when the InAs growth reached the target thickness, the reactor 

heater was switched off immediately, i.e. with post-growth interruption for zero 

second. While for growing sample (g) to sample (i), the post-growth interruption was 

kept for 5 seconds, 10 seconds and 20 seconds, respectively, before switching off the 

heater after the InAs growth. The AFM measurement results of the four samples are 

shown in Figure 4.4. Based on the AFM images, AFM Section Analysis results and 

the received dot’s size distribution, the dot density, dot’s size standard deviation and 

surface depth were also summarized in Table 4.1. It is found that there is not much 

difference in the dot density of the samples when the interruption time was changed 

from 0 to 20 seconds. However, the dot size distribution is sensitive to the post-

growth interruption time. When the post-growth time is zero second, the dot’s height 
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standard deviation is 6.2 nm. When the interruption time is prolonged to 5 seconds, 

the dot’s height standard deviation reduces to 5.2 nm. However, when the post-growth 

interruption time is increased to 20 seconds, the dot’s height standard deviation 

increases again to 7.8 nm. So, the post-growth interruption time of 5 seconds gives 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 (I) Top-view 1×1 μm2 AFM images with dot-density insets, (II) AFM in- 

situ Section Analysis with surface depth along a cross-sectional line across the image,  

and (III) Dot’s diameter/height characterization are shown for samples (f), (g), (h)  

and (i) with post-growth interruption time set at 0 s, 5 s, 10 s and 20 s, respectively.  
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minimum height standard-deviation, i.e. the narrowest height distribution, of the dots. 

The similar change trend of dot’s diameter standard deviation with the post-growth 

interruption time is also observed. The results show there is a window (5 seconds) in 

the post-growth interruption time for forming the dots with the narrowest dot-size 

distribution. Besides, as shown in table 4.1, the surface depth of the four samples 

changes with the similar trend. The depth from sample (i) is very large, about 9 nm, 

obviously larger than that from the other three samples grown with less than 10-

second post-interruption. The possible reasons are discussed in the following 

paragraph. 

Around a 3-D nucleation center, which acts as a sink for the surrounding 

adatoms during the dot formation, adatoms are collected by the nucleation center to 

make it grow bigger and no any other nucleation developed [166]. Besides, QD 

structures with large aspect ratio relax the strain energy caused by the lattice 

mismatch between the QDs and buffer/substrate easier [167]. For sample (f), the post- 

growth interruption is zero second, where the surface adatoms have no time to diffuse 

across the surface and hence could not be efficiently absorbed by the 3-D nucleation 

centers. As a result, some small islands have no time to grow larger by absorbing the 

residual surface adatoms. For sample (g), the 5-second post-growth interruption 

 

Table 4.1 Comparison of QDs density, QDs’ height & diameter standard deviations 

and wetting layer surface depth for the samples (f), (g), (h) and (i). 

              Compared parameters             Sample (f)    Sample (g)    Sample (h)    Sample (i)                     
                
                  QD density (×1010/cm2)                   0.6                0.6                 0.6                 0.6 

        QD’s height standard deviation (nm)       6.2               5.2                 6.0                 7.8 

        QD’s diameter standard deviation (nm)   15.2            14.3               15.1               16.9 

                  Surface depth (nm)                        3.7              3.5                 4.8                  8.7 
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favors the small islands growing further by absorbing the remaining surface adatoms. 

This advantages narrowing the dot size distribution. So, the dot’s size distribution of 

sample (g) is narrower than that of (f). For the sample (i) with the long post-growth 

interruption, when the surface adatoms are used out, some islands grow further into 

large clusters to relax the strain energy by consuming the material of the wetting layer. 

This results in the formation of the obvious deep surface depth in the wetting layer 

and a very broad dot size distribution. Large clusters may contain dislocations which 

act as nonradiative recombination centers in them [168], and degrade the QDs’ PL 

performance. In the four samples (f) to (i), sample (g) has relatively narrower dot size 

dispersion and smoother wetting layer surface, but the dot density of the four samples 

is low and the size dispersion of the dots still has improvement space. Such QDs are 

not proper for the QDs device applications. In order to improve dot density and dot-

size uniformity, the effects of the growth temperature, inlet source flux and growth 

mode are further investigated. In the following growth temperature study, the post-

growth interruption of 5-seconds is used because it brings with the more uniform dot 

size and wetting layer surface.         

 

4.2.3 Effect of the growth temperature 

In order to study the effects of growth temperature on the QDs formation, we  

grew six QDs samples, sample (j) to (o), with different temperature in the range from 

420 oC to 520 oC. For the six samples, the input InAs material was kept 2.25 MLs and 

the post-growth interruption time was 5 seconds. All other growth conditions were 

identical. Figure 4.5 shows the top-view AFM images of the six samples. High QD 

density of around 1.3×1010 cm-2 is obtained from the samples grown at the 

temperature range from 440 oC to 460 oC. Out of this temperature range, when the 
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(k) 1.3×1010cm-2 (l) 1.3×1010cm-2   

(m) 0.6×1010cm-2 (n) 0.5×1010cm-2 (o) 0.5×1010cm-2  

(j) 0.5×1010cm-2  

Figure 4.5 Top-view 1×1μm2 AFM images with dot-density insets of the InAs QD  

samples (j), (k), (l), (m), (n) and (o), respectively, grown at 420 oC, 440 oC, 460 oC,  

480 oC, 500 oC and 520 oC.  

 

sample was grown at the temperature either higher or lower by 20 oC, the QD density 

reduces dramatically to around 0.5×1010 cm-2. When the growth temperature was 

above 480 oC, large InAs islands with lower density are obtained. This is due to the 

longer diffusion length of the adatoms at high temperature [169]. During the post 

growth interruption, larger islands grow further by consuming small islands in the 

island-coarsening process [168]. This can be seen from the AFM images of samples 

(m), (n) and (o) where some large dots are surrounded with sparse distribution of very 

small dots. QDs with low density are formed at low growth temperature, ≤ 420 oC. 

This is because: (i), the critical thickness of wetting layer for the onset of the dot 

formation increases with decreasing the growth temperature due to atoms’ diffusion 

length reduced [170]; (ii), the diffusion coefficients of the source adatoms are smaller 

at lower temperature, which leads to lower growth efficiency [123]. Therefore, the 

material available for growing the InAs were reduced when the growth temperature 
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Figure 4.6 InAs QD’s size distribution and standard deviation of samples (j), (k), (l),  

(m), (n) and (o) grown at different temperatures: (i) Histograms of QD’s diameter  

distribution, (ii) histograms of QD’s height distribution and (iii) standard deviation  

of QD’s diameter & height as a function of deposition temperature. 

 

was below 420 oC, which resulted in the low density of InAs dots formed. 

The distribution and standard deviation of the QDs’ diameter and height 

versus the growth temperature are plotted in Figure 4.6. Figure 4.6-(iii) shows that, 

when the growth temperature is increased, the standard deviation of dot size becomes 

larger, which is because of the occurrence of more and more islands’ ripening. This 
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results in larger dot size fluctuation and even bimodal distributions of the dot’s 

diameter and height. Sample (k), which was grown at 440 oC, has the smallest 

standard deviation of dot’s diameter and height, thus the narrowest dot’s size 

distribution. But, too low reactor temperature will degrade dot’s cap layer crystal-

quality and then its PL performance in growing the QD structure where the dots will 

be capped by a layer. Generally, the temperature used in MOCVD for growing QDs’ 

cap layer, e.g. GaAs or InP, is above 500 oC to receive high crystal quality layers as 

mentioned previously. So, to grow high density and uniform InAs/GaAs QDs at 500 

oC or above is important. In the following QDs formation optimization based on 

source flux and growth method, the reactor temperature used for growing the InAs 

QDs layer is kept at 500 oC.   

 

4.2.4 Effect of the source flux 

In MOCVD growths of the layers of QD structures, the molar ratio of the total 

group-V sources versus the total group-III sources, so-called V/III ratio, is generally 

larger than 1, thus with rich group-V source ambient. The V/III ratio was set at 10 

when growing the studied InAs QDs. The source flux effects on InAs QDs formation 

were investigated by changing the group-III (TMIn) and -V (TBA) source fluxes 

together to keep the V/III ratio during the InAs QDs growth. First, two samples of (p) 

and (q) were grown by setting the input TMIn flux at 30 sccm and 75 sccm, 

respectively. The substrate temperature was set at 500 oC and the post-growth 

interruption was kept for 5 seconds for the two samples. To keep the same deposited 

InAs layer thickness, the InAs growth time was changed accordingly when the input 

TMIn source flux changed. The received top-view AFM images of the two samples 

are listed in Table 4.2. It is observed higher density InAs QDs are formed in sample (q) 
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Table 4.2 Top-view 1×1μm2 AFM images with dot-density insets of InAs QDs grown  

with different TMIn input flux & inflow time at 440 oC and 500 oC, respectively. 

 Growth methods 

Slow growth Fast growth 
TMIn flux & 
inflow time 

30 sccm & 
15 s 

75 sccm & 
6 s 

G
ro

w
th

 te
m

pe
ra

tu
re

 (o C
) 

 
 
 

500 

  

 
 
 

440 

  (r) 1.3×1010cm-2 (s) 0cm-2    

(q) 1.3×1010cm-2  (p) 0.5×1010cm-2 

 
 
than that of sample (p). This is because at the growth temperature of 500 oC, surface 

reaction dominates the growth. The MOCVD growth was in mass flow control, where 

the growth rate was proportional to the inlet TMIn flux flow. When the TMIn flow 

flux was increased in growing sample (q), the growth rate was higher and more nuclei 

were formed, thus leading to more dots formed. 

To verify the temperature-dependant MOCVD growth mechanism when 

growing the QDs, other two samples, sample (r) and sample (s), were grown at lower 

temperature of 440 oC, while the TMIn flux was still set at 30 sccm and 75 sccm, 

respectively. It is observed that (see Table 4.2) no InAs QD was formed on sample (s) 

which was grown with higher TMIn input flux but shorter growth time. High density 

of QDs was formed on sample (r) which was grown with lower TMIn flux but longer 

growth time. At low substrate temperature, as for growing sample (r) and (s), the 

epitaxy growth was in surface reaction limited growth. The InAs growth rate did not 
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increase accordingly when the TMIn input flux was increased. The InAs layer 

deposited in sample (h) was too thin to form the QDs when the growth time was 

reduced to 6 s.  

From the above study, the dot density of InAs QDs grown at 500 oC by the 

optimized SK self-assembly is improved by increasing source flux, but still limited to 

1.3×1010 cm-2. At the same time, the dot size dispersion is large. Based on the 

optimized InAs monolayer input, growth temperature and source flux, further 

optimization on QDs formation has been carried out in the following by proposing a 

new QDs growth method.  

 

4.3 A new two-step growth method for QDs  

4.3.1 Two-step growth of QDs  

In SK growth mode, the dot density is mainly determined by the nucleation 

density after the wetting layer growth. The dot growth from the nucleus formed is 

induced by the gradual relaxation of the accumulated strain in wetting layer. Too fast 

growth will make the large strain energy being dissipated with insufficient time, 

which easily results in non-crystalline disruption in QD structures, leading to large 

coalesced cluster formation and thus degrading dot’s size uniformity [169]. To grow 

high crystal quality QDs with high dot density and good size uniformity, a two-step 

growth of InAs QDs method is proposed. In this method, InAs growth is divided into 

two steps as shown in Figure 4.7. In step-1 growth, a thin InAs layer is deposited with 

high TMIn source flux, and then the growth is stopped for an internal interruption by 

closing the TMIn source. High density InAs nuclei are formed during the internal 

interruption. After the internal interruption, the TMIn source is opened again for the  
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Figure 4.7 Schematic diagram of TMIn source flow settings during the InAs QDs  

growth. In ordinary SK growth: I, InAs deposition; II, Post-growth interruption; in  

two-step growth: I’, step-1 InAs deposition; II’, internal interruption; III’, step-2 InAs  

growth; IV’, post-growth interruption. 

 

step-2 growth. In the step-2 growth, the InAs layer is grown with lower growth rate. 

When the constant target layer thickness is reached, the TMIn source is closed for 

post-growth interruption and the InAs QDs are finally formed self-assembly. This 

two-step growth mode is similar to the reported punctuated island growth [171], 

which studied the effect of later QD evolution stages on dot formation. It was found 

the punctuated island growth with input ∼ 2.5 MLs InAs material received the best PL 

emission but still with bimodal QDs formed. In this two-step growth of QDs, we keep 

the step-1 fast nucleation unchanged and optimize the internal interruption time and 

step-2 source flux for forming high quality InAs QDs.  

Sample (t) and (u) was grown at 500 oC and 440 oC, respectively, by the two-

step growth. The measured AFM images of the two samples are shown in Table 4.3. 

For comparison, AFM images of samples (q) and (s) grown by the conventional SK 

self-assembly mentioned above are also shown in Table 4.3. The dot density of 

sample (u) is 0.2×1010 cm-2. It is higher than that of the sample (s) grown at the same 
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temperature by normal one step growth. For samples grown at 500 oC, the QDs 

density of sample (t) grown by two-step growth is about 30% higher than that of 

sample (q) which was grown by normal one step growth. The dot’s diameter and 

 

Table 4.3 Top-view 1×1μm2 AFM images with dot-density insets of InAs QDs grown  

with fast growth and two-step growth at 440 oC and 500 oC, respectively.  

 Growth methods 

Fast growth Two-step growth 
TMIn flux & 
inflow time 

75 sccm & 
6 s 

75+15 sccm & 
3+15 s 

   
   

  G
ro

w
th

 te
m

pe
ra

tu
re

 (o C
) 

  
 
       
500  

  

 
 
    
440 

  

(t) 1.7×1010cm-2   

(u) 0.2×1010cm-2  

(q) 1.3×1010cm-2 

(s) 0cm-2    
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Two-step growth (t) 
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 0 

Figure 4.8 QDs’ diameter (left) & height (right) histograms for the sample (q) grown  

by normal SK fast growth, and sample (t) by two-step growth both at 500 oC. 
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height distributions of samples (q) and (t) are shown in Figure 4.8. We can see the dot 

size dispersion of sample (t) is much narrower than that of sample (q). The standard 

deviation of the dot’s diameter and height of sample (q) is 12.9 nm and 7.6 nm, 

respectively, while that of sample (t) is 4.2 nm and 2.3 nm, respectively. These results 

show that the dot uniformity of the sample has been improved by using the two-step 

growth. 

A schematic diagram in Figure 4.9 shows the QDs formation mechanisms in 

two-step growth method. In two-step growth, nonuniform nucleus islands are formed 

after the first step fast growth; during the internal interruption, the islands continue 

growing by absorbing the surface atoms. At the same time, some of the atoms will  

Site where new 
nucleus probably 

form New nucleus formed 

(III) 
 

After step-2 slow growth and 
post-growth interruption: 

QDs formed with improved 
density and uniformity  

(II) (I) 
 

After step-1 fast growth:  
nonuniform nuclei formed 

 
After internal interruption: 
Nucleus density increased 
after new nucleus formed  

 

Figure 4.9 Schematic diagrams of proposed two-step growth mechanisms for InAs  

QD formation by MOCVD. 

 

self-nucleate between the relatively large islands, which increases the dot density. 

This is because atoms are difficult to reach the large islands since they have high edge 

energy barrier [172, 173]. All the formed islands continue growing during the step-2 

growth. In step-2 growth, the TMIn source is with low source flux so that the islands 

could grow slowly into QDs, and at the same time, new nuclei are also formed in 
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between the formed large dots. These new nuclei adsorb the coming Indium atoms 

during the growth stage and adsorb the residual substrate surface Indium atoms during 

the post-growth interruption stage. As a result, the dot density is increased. In the two-

step growth, larger islands/dots grow much slower than the small islands/dots [173]. 

So, size uniformity of the QDs is improved. By employing the two-step growth of 

QDs, the dot density and size uniformity are both improved. In the following, the 

internal interruption time and step-2 source flux will be further investigated on the dot 

formation trend under the two-step growth mode.   

 

4.3.2 Effect of the internal interruption time  

As discussed above, the nucleation during the internal interruption between 

step-1 and -2 will affect the density of the QDs formed. In order to optimize the 

interruption time, different internal interruption time between step-1 and -2 growth on 

the InAs/GaAs QD formation have been carried out. For this study the total inlet InAs 

nominal thickness was still kept constant as 2.25 MLs and the growth temperature 

was set at 500 oC. The TMIn source flow flux settings and the growth time for each 

growth step in MOCVD deposition of the InAs QDs are listed in Table 4.4.  Figure 

4.10 shows 1×1 μm2 AFM surface images of the InAs QDs samples grown by the  

 

Table 4.4 The TMIn source flow flux settings and the growth time for each growth  

step in MOCVD growth of the InAs QD samples. 

Compared 

samples 

Two-step growth 
Step 1 Internal 

interruption 
Step 2 Post-growth 

interruption 
(v)  

75 sccm 
& 3 s 

0.5 s  
15 sccm 
& 15 s 

 
5 s (w) 2 s 

(x) 5 s 
(y) 60 s 
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Figure 4.10 Top-view 1×1 μm2 AFM images with dot-density insets of the Ref. SK  

grown InAs QDs sample and the two-step grown QDs samples (v), (w), (x) and (y)  

with the internal interruption time (tint) set, respectively, at 0.5 s, 2 s, 5 s and 60 s.  

The dot diameter and height histograms related to each image are also shown. 

 

two-step growth under different internal interruption time. For comparison, a Ref. 

sample was grown using normal SK one-step growth. It has been reported that in 
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ordinary SK growth of QDs, higher QD density can be achieved if the InAs is grown 

with a faster growth rate [169,174]. The Ref. sample was grown with the fast growth 

rate of InAs. But, samples grown by using the two-step growth method, from sample 

(v) to sample (x), have higher dot density than that of the Ref. sample. The TMIn flow 

flux was reduced from 75 sccm for growing the Ref. sample in ordinary SK growth to 

15 sccm for the step-2 growth in the two-step growth. As shown in the histograms in 

Figure 4.10, the average diameter of the InAs QDs grown by two-step growth is ∼ 36 

nm, while for the QDs grown by the ordinary SK method, the average diameter is ∼ 

25 nm. The diameter dispersion of the QDs grown by the two-step method is much 

narrower than that of the QDs grown by the ordinary SK method when the 

interruption time in two-step growth was set at tint = 2 s. This shows that the QDs 

grown by two-step growth are more uniform in dot size. As shown in Figure 4.10, the 

interruption time, tint, strongly affects the formed QD size uniformity and the dot 

density in two-step growth. When tint is too short, as for sample (v), there is not 

enough time to form the new nuclei during the interruption. In this case, the growth is 

similar to that of ordinary SK growth. If tint is too long, as in the case of sample (y), 

some very large dots or clusters are formed during the interruption by consuming the 

material from the wetting layer or adjacent smaller dots. These large dots are ripened 

further by merging with neighbor small dots in the step-2 growth, resulting in 

nonuniform dots with very large dot diameter distribution and very low dot density 

[175]. So, internal interruption time of 2-seconds is an optimized growth condition in 

the two-step growth of InAs QDs on GaAs in terms of dot density and dot-size 

dispersion. In the following step-2 growth source flux study, the internal interruption 

time is kept at 2 seconds.  
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4.3.3 Effect of the source flux in step-2 growth 

The effects of the InAs growth rate in the step-2 growth on the formation of  

QDs in the two-step growth have also been investigated. Samples (w)–(w’’’) were 

grown with different TMIn source flow fluxes in the step-2 growth of InAs in the 

two-step growth of InAs QDs, while the conditions for step-1 growth and interruption 

were unchanged. As shown in Table 4.5, the TMIn flux in the step-2 growth increases 

with the duration time decrease so to keep the InAs thickness in the step-2 growth the 

 

Table 4.5 The TMIn source flow flux settings and the growth time for each growth  

step in MOCVD growth of the InAs QD samples. 

Compared 

samples 

Two-step growth 
Step 1 Internal 

interruption 
Step 2 Post-growth 

interruption 
(w)  

75 sccm 
& 3 s 

 
2 s 

 

15 sccm & 15 s  
5 s (w’) 30 sccm & 7.5 s 

(w’’) 56.3 sccm & 4 s 
(w’’’) 112.5 sccm & 2 s 

 
 
 

same. Figure 4.11 shows the 1×1μm2 AFM surface images of these four samples. 

When the TMIn flux in step 2 was increased from 15 sccm for growing sample (w) to 

112.5 sccm for growing sample (w’’’), the dot density increased by 47%, reaching 2.5

×1010cm-2 in sample (w’’’). The average dot diameter increased from 36 to 43 nm, but 

the average height of the QDs decreased from 8.4 nm for sample (w) to 5.6 nm for 

sample (w’’’). The dot diameter dispersion was also observed to be increased when the 

growth rate in the step-2 growth was increased. With the faster growth rate, the 

growth time for the step-2 growth is shorter; the dots formed in the step-2 growth do 

not have enough time to release all their strain energy by increasing the aspect ratio. 

Dots formed under such conditions are large in diameter but with low height [167].  
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Figure 4.11 Top-view 1×1 μm2 AFM images with dot-density insets of two-step grown  

InAs QD samples (w), (w’), (w’’) and (w’’’) with TMIn source flux in step-2 growth  

set, respectively, at TMIn=15 sccm @ 15 s,  30 sccm @ 7.5 s, 56.3 sccm @ 4 s, 112.5  

sccm @ 2 s. The total InAs layer thickness is kept the same. The dot diameter and  

height histograms related to each image are also shown. 
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that of the QDs grown by using TBA/H2 [176]. The dots grown under TBA/H2 as  

reported in Ref. 176 have the average diameter & height of 20 nm & 5 nm, 
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 respectively, where the deposited InAs material of 2.6 MLs was even thicker than 

that used in this study. The reason for larger dots formed under TBA/N2 than those 

formed under TBA/H2 may be because of the lower thermal conductivity and larger 

viscosity of N2 than that of H2 as mentioned previously [177]. The atoms remained 

around the formed islands for longer time which increases the probability for them to 

be absorbed by the islands before they are desorbed or driven away to the exhaust. As 

a result, the total efficiency of the material consumed in forming the QDs in N2 

ambient was increased and hence the larger QDs were formed. On the other hand, 

InAs QDs grown by AsH3/H2 have been studied intensively for a long time [174, 178, 

179, 180, 181]. The previous studies on InAs/GaAs QDs include: InAs QD formation 

on a strained InGaAs/GaAs matrix based on GaAs substrate [174], the InAs dots 

formed on the misorientated GaAs substrate [180] and the SiO2 mask based area-

controlled InAs QDs growth, etc. [181]. The dot morphology is strongly dependant on 

the matrix for the dots to form on top. However, the InAs QDs grown on GaAs(001) 

by using AsH3/H2 by other research groups can be compared reasonably with the 

InAs/GaAs QDs grown by using TBA/N2 in this work. The reported highest 

InAs/GaAs QD density, to our best knowledge, was 1.5×1011cm-2 by using AsH3/H2 

[178], much higher than the received dot density of 2.5×1010cm-2 in this work by 

using TBA/N2. However, the QD surface coverage is only 12% as reported in Ref. 178, 

which is much lower than that, >40%, of this work. The relatively low dot density but 

with high surface coverage is because of the larger size of the dots formed under 

TBA/N2 compared with the dots formed under AsH3/H2. The direct comparison of 

QDs formation by using the different carrier gases and/or arsenic sources in the same  

 MOCVD reactor deserves the further research in future.   
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4.4 Transition energy of the QD structure 

In this section, 8 band k⋅p theory is used to calculate the transition energies of 

the QD structure. The calculated transition energies of the QD structure are compared 

with the experimental results. 

 

  4.4.1 Introduction to the 8 band k⋅p theory model  

For the theoretical analysis of the states in conduction-band and valence-band 

in low-dimensional structures (QWs, QWRs or QDs), the simple one-band effective-

mass was initially used in this field [36, 182]. This method is of great value in the 

study of conduction-band states, but breaks down essentially in the valence-band 

study as well as the conduction band in the semiconductors with narrow band-gaps 

due to not considering the band coupling. The band coupling has an un-negligible 

effect on the valence-subband profile in QW [183], QWR and QD [184] structures. 

Moreover, a strong coupling between the conduction and valence bands also exists in 

the InAs/GaAs QD system due to the abrupt change in energy band profile from bulk 

to QD structure induced by the lattice mismatch strain [185 - 187]. The compressive 

strain is exerted on the InAs QDs from the surrounding GaAs confinement layers 

because the strained InAs QDs still has larger lattice constant than the GaAs layers 

after partially recovering their lattice constant to the InAs bulk lattice parameter 

during QDs self-assembly growth [143, 188]. One obvious energy band structure 

change can be seen from the change of the ground-state transition energy, Eg, in QD 

structure. The reported Eg at 2 K from the InAs/GaAs QDs is ∼ 1.0 eV, which is much 

larger than that of InAs bulk crystal ∼ 0.4 eV at 2 K [189, 190]. So, in this work, an 

8-band k⋅p theory model, which will be presented in detail below, is used to 
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theoretically calculate the transition-energy of the self-assembled InAs QD structures. 

In the 8-band k⋅p theory, the electron, heavy hole, light hole, spin-orbit splitting bands, 

the coupling between conduction and valence bands, and the coupling between the 

valence sub-bands are all taken into consideration.  

The QD structure was prepared by capping a 50 nm GaAs cap layer after the 

post-growth interruption of InAs QDs growth. The TEM image, for which 200 kV 

accelerating voltage is set for the electron beam, of the QD structure is shown in 

Figure 4.12-(a). It shows the diameter (∼ 35 nm) of the InAs QDs sandwiched 

between GaAs confinement layers is much larger than the QD’s height ( ∼8 nm),  

 

 

 

 

 

 

InAs QD 

20 nm QD structure QW structure 

 (b) (a) 

Figure 4.12 (a) TEM cross-section image at [ 011 ] direction for the typical InAs dot  

capped with GaAs, and (b) approximation of QD structure into QW structure. 
 

We only took into account of the quantum confinement in the growth direction in the 

calculation, and the 3-D confinement QD structure was approximated into a 1-D 

confinement QW structure with the well width equal to the average height of the dots 

as shown in Figure 4.12-(b). The feasibility of such 1-D QW approximation for QD 

structure lies in the low aspect ratio, i.e. much smaller scale in dot height than that in 

dot lateral size, in the InAs/GaAs QD structures. In this case, the lateral quantum 

confinement on carriers is very weak compared with the vertical confinement in the 

QDs. Therefore, the dot size effect on the transition energy in QD structures is mainly 
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determined by the height of the dots [107, 113, 191]. On the other hand, the QW 

approximation loses the other two quantum confinements in the dots. So, this 

approximation cannot give the accurate energy band structure of QDs and the 

calculated transition energy in the dots is expected to be slightly smaller than the 

actual value due to the omission in the lateral confinement consideration [107, 192].      
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Figure 4.13 Schematic diagram of energy band line-up in the approximated QW structure. 

 

Figure 4.13 shows the energy band structure of the QD structure with QW 

approximation.  and  are the band-edge discontinuities of conduction band 

and valence band, respectively. Eg is the material band gap. Y-axis U(r) represents the 

potential, and X-axis r donates the growth direction of the structure.   

cEΔ vEΔ

From the Effective Mass Theory for degenerate bands, the Schrödinger 

Equation with a perturbation U (r) for a QW potential is: 

                 [ ] )()()( rErrUH Ψ=Ψ+                                                                 (4.2) 
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for the valance band.  is equivalent to the well width, i.e. dot’s average height . WL

In the 8-band scheme, the total wave function in each layer of the QW 

structure can be written as 

                              (4.5) 

where  is the envelope function, 
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wave vector which is a good quantum number, ),( yx=ρ  is a two dimensional in-

plane space vector, and ),( zr ρ= j. ϕ  is slowly varying envelope function, and  is 

the periodic part of Bloch basis functions at zone center which are chosen to be 

eigenfunctions of the total angular momentum operators J and Jz. These basic 

functions 

ju

zj JJu ,=  are linear combinations of the band-edge Bloch functions S , 

X , Y , Z , which have the same symmetry properties as the atomic s, x, y and z 

functions.  

The 8×8 k⋅p Hamiltonian Hk including the electron, heavy hole, light hole and 

spin-orbit splitting bands is used. It is given by [186] 
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where 
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where P0 is the momentum matrix element for the conduction band. Δ  is the spin-

orbit splitting energy. iγ  (i=1, 2, 3) are modified Luttinger parameters defined in 

terms of the usual Luttinger parameters, , by L
iγ
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EP is the optical matrix parameter that is expressed as   
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                                                                                                     (4.20) 22
0 /2 pmEP =

The strain part Hs can be obtained by the following substitution because of the 

same underlying symmetry: vaA −→ , bB −→ , , dD → xyyx kk ε→ , and 

, etc, for conduction band, where cc amk ↔'22 2/ xyε  is the strain tensor, b and d are 

the shear deformation potentials, av is the hydrostatic valence-band deformation 

potential, and ac is the conduction-band deformation potential. 

According to the Effective Mass Theory, we get 
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where sk HHH += , is the 8-band k⋅p Hamiltonian,  is the strain Hamiltonian kH sH

of the QW structure,  is the electron potential energy,  are )(zU )8,...2,1( )( =jrFj

envelope functions and E is the eigen-energy of the QWs. 

The envelope-function Fourier expansion method has been proven to be an 

effective method for calculating subband dispersions and wave functions in one-

dimensional confinement structures [193, 194, 195]. So, to solve Eq. (4.21) for the 

QW structure we expand the envelope functions  to a discrete Fourier series, and 

then convert (4.21) to giant algebraic set of coupled equations for the Fourier 

coefficients. [

)(rFj

195]. The expansion takes the form of 

             ∑
=

≅
M

m
mmjj zarF

1
 , )()( φ Jj ,...,2,1=                                                              (4.22)                       

where ⎥
⎦

⎤
⎢
⎣

⎡
⋅⎟

⎠
⎞

⎜
⎝
⎛ ⋅++= z

L
mki

L
ykxkiz zyxm

πφ 2exp1)](exp[)( ,                                 (4.23)              

L is overall thickness of the QW structure, and BW LLL += , where  is the well 

thickness equal to QD’s average height in the approximation, and  is the total 

WL

BL
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barrier layer thickness, m is an integer denoting the order of related expansion term, 

is the wave vector at the growth direction, It is assumed zk 0=zk  for the bound states 

in the calculations. Inserting (4.22) and (4.23) into (4.21), then multiplying by  

and integrating over one QW period L, we get 

)(* zmφ

                                                                                (4.24)                         mj
mj

mjjj EaammH  ,
 ,'

 ,'' ),( =′∑
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where the matrix elements ),(' mmH jj ′  are given by  
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when calculation direction is along z (the growth direction). For the approximated 

QW structure studied, the electronic potential function ( )zU  that was included in Eq. 

(4.25) consists of two parts:  

            ,                                                                                           (4.26) sVVzU += 0)(

where V0 is the quantum confinement potential from the band discontinuity between 

barrier/dot and Vs is the potential change induced by strains. The subband energy 

eigen-values and the coefficients  can then be obtained by solving Eq. (4.24).  mja ′′  ,

For the square barrier potential as in the case of the InAs/GaAs QD structure 

studied now, the integration of the barrier potential in the growth directionU  with 

the expansion terms by approximating QD into QW structure takes the form of 

( )z

    LLVzU Bmm ⋅= 1)( φφ                                                                                     (4.27) 

    
fL

fLVzU W
mm π

π
φφ

)sin()( 1 ⋅−=′                                                                       (4.28) 

where Lmmf )( ′−=  and WB LLL −=   as mentioned previously. 

In the following section, we’ll use the 8-band k⋅p theory to calculate the 

transition energies of the InAs/GaAs QD structure under the QW approximation. 
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  4.4.2 Theoretical calculation with experiment results comparison 

By using the approximated 8-band k⋅p model as described in last section, the 

energy band structure for InAs/GaAs QD structure is calculated. In the calculation, 

the conduction band offset ratio of the InAs/GaAs system is assumed to be 85% 

[185]. The lattice mismatch induced strain between InAs material and GaAs substrate 

used is 7.2%. The other material parameters for InAs and GaAs at low temperature 

[196] used in the calculation are listed in Table 4.6. Based on the calculated subband 

structure, we have obtained one bound electron state (E1) with energy level of 1074.3 

meV in conduction band, and three bound heavy and light hole states (HH1, LH1 and 

HH2) with energy levels of 72.5 meV, -42.8 meV and –145.4 meV, respectively, in 

valence band of the QDs at the zone centre (wave vector k = 0 at the dot line) in the 

momentum space. The edge of bulk valence band of the InAs material without strain 

is taken as the reference of zero energy for all the calculations. Based on the 

calculated E1, HH1, LH1 and HH2 energy levels, the received theoretical possible 

transition energy of E1-HH1, E1-LH1, and E1-HH2 is 1001.8 meV, 1117.1 meV and 

1219.7 meV, respectively.  

 

Table 4.6 Parameters used in calculations. 

 

 

  
 

 

 

 

 

 

                       Parameters                           GaAs      InAs 
 
                             ac (eV)                                   -7.17        -5.08 
                              av (eV)                                 1.16         1.0 
                              b (eV)                                   -2.0          -1.8             
                        c11 (10 Gpa)                                12.21       8.329 
                        c12 (10 Gpa)                                5.66         4.526 
                 Lattice constant a (Å)                         5.6533     6.0584 
                 Luttinger parameter                       6.98        20.0 L

1γ
                 Luttinger parameter                       2.06        8.5 L

2γ
                 Luttinger parameter                       2.93        9.2 L

3γ
         Spin-orbit splitting energy Δ  (eV)                0.341     0.390 
Optical matrix parameter  (eV)       28.8       21.5 0

2
0 /2 mPE P =
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The experimental PL spectrum, measured at 10 K, of the InAs/GaAs QD 

structure is shown in Figure 4.14. Four emission peaks for the QD structure were  
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Figure 4.14 Low-temperature PL spectrum of the InAs/GaAs QD structure. 

 

Table 4.7 List of the calculated E1, HH1, LH1 and HH2 energy levels relative to the  

valence band edge of InAs material without strain in InAs/GaAs QD structure by  

using 8-band k⋅p theory, and the transition energy comparison for the QDs between   

theoretical calculated E1-HH1 & E1-LH1 and experimental measured results. 

               Compared parameters                                   Results 
                     
                                             E1 (meV)                           1074.3 
                                           HH1 (meV)                           72.5 
                                            LH1 (meV)                           -42.8 
                                            HH2 (meV)                           -145.    
       Theoretical calculated EE1-HH1, EE1-LH1 (meV)            1001.8, 1117.1 
 Experimental measured PL peak position (meV)           1030.8, 1133.5             

Theoretical calculated  

 

observed. The first two emission peaks with higher photon energy are from GaAs 

bulk and the InAs wetting layer of the samples, respectively. The two peaks marked 

with n = 1 and 2 come from the InAs QDs. For better comparison, the calculated 

transition energies and the measured PL peak positions were both listed in Table 4.7. 
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 94

It is deduced that the observed two PL peaks at 1.203 μm (1030.8 meV) and 1.094 μm 

(1133.5 meV) are attributed to E1-HH1 and E1-LH1 transitions in the QDs, 

respectively. The similar transition behavior in InAs/GaAs QD system was also 

reported in Ref. 189 and 197. Our calculated transition energies are consistent well 

with the PL experimental results, which shows the approximated 8 band k⋅p theory 

model can effectively direct our study on the QD electronic structure. Besides, the 

measured transition energies are systematically slightly larger than the calculated 

results. This is due to the neglected consideration of dot’s lateral confinement, which 

will blueshift the transition energy although with small extent [107, 192].  

 

4.5 Summary 

In this chapter, MOCVD growth of InAs QDs on GaAs substrate, using 

TBA/N2 to replace AsH3/H2, under different growth conditions has been investigated. 

It was found the dot formation was very sensitive to the growth condition. But the 

density and size uniformity of the QDs grown by the conventional one-step SK 

growth method were still low after the growth-conditions optimization.  

In order to form higher quality dots, a new growth method of two-step growth, 

i.e. fast growth plus slow growth, was proposed. After optimizing the internal 

interruption time and the step-2 growth rate, the narrow dot size dispersion with 

several nanometers and high dot density of 2.5×1010cm-2 were achieved.  

8 band k⋅p theory with approximation was used to calculate the transition 

energies of the InAs/GaAs QDs. It was found that the calculated results match the 

experimental ones well. This shows that the approximated 8 band k⋅p model can 

effectively direct our studying and designing the target QD structures.    
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CHAPTER 5. MOCVD GROWTH OF MID-IR EMISSIVE 

InAs/InP QDs    

 

5.1 Introduction 

Large compressive strain in InAs/GaAs QDs induces a great increase in InAs 

band gap energy. The longest RT emission wavelength from InAs/GaAs QD system 

reported so far is only 1.52 μm [198]. It is impossible to realize mid-IR emission from 

InAs/GaAs QD structure. However, the lattice mismatch between InAs and InP is 

around 3.2%, which is much smaller than that of InAs/GaAs system. Growing InAs 

QDs on InP has advantage to reduce the band gap energy of the InAs QDs. 

Researches on InAs/InP QD systems for long wavelength emission have attracted 

much interest in the past years. Researchers have developed the QD structures for 

1.55 μm wavelength emission, which has important applications in the ultra-low-loss 

optical fiber communications [ 199 - 201 ]. Extending the emission wavelength of 

InAs/InP QDs to mid-IR range has recently also attracted more and more research 

attention, because mid-IR optoelectronic devices are very important in variety of 

military, biomedical, environmental and industrial applications, including range-

finding, laser surgery and remote trace-gas sensing, etc [2, 3, 81, 202]. An effective 

way to extend the emission wavelength of InAs/InP QDs into mid-IR region (2 ∼ 5 

μm) is by inserting In(Al)GaAs confinement layers in InAs/InP QD structures [12, 13, 

203 , 204]. However, InAs QDs formed self-assembly on InGaAs/InP matrix are 

generally with large size dispersion, which is caused by the anisotropic surface 

diffusion of In adatoms on InGaAs/InP matrix during InAs QDs’ SK self-assembly 

growths [119,120]. Besides, the longest emission wavelength from the InAs/InP QD 
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system reported so far is only 2.1 μm by embedding InAs QDs in InAlGaAs 

confinement layers [12]. Further improvement in the QDs’ size uniformity and larger 

extension in the QDs’ emission wavelength are both important in order to make them 

suitable for mid-IR optoelectronic device applications.  

In this chapter, we first design the mid-IR emissive QD structures based on 

InAs/InP QD system by using the 8 band k⋅p theory model. Then, the investigation on 

growing the uniform-sized and high-density mid-IR QDs is carried out based on the 

two-step QDs growth method we proposed in Chapter 4. After that, the MOCVD 

growth, experiment investigation and analyzing for the designed mid-IR QD 

structures are carried out.  

 

5.2 Design of mid-IR emissive InAs/InP QD structures  

To extend the emission wavelength of InAs/InP QD structures, three factors 

are considered in the design: QD’s size, QD’s barrier height and lattice mismatch 

strain between QD and matrix layers. First, the size of the InAs QDs grown on InP 

matrix using our MOCVD system is varied from around 7 to 9 nm based on different 

QDs’ growth conditions. In the design, the dot’s size is assumed to be 9 nm. In order 

to tune the emission wavelength of InAs/InP QDs to the longer emission wavelength, 

InGaAs instead of InP layers are used as the barrier layers of InAs QDs. This is 

because InGaAs barrier height is lower than InP and can be reduced further by 

increasing Indium or decreasing Gallium compositions. At the same time, the lattice 

mismatch strain between InAs and InGaAs layer is decreased since the lattice constant 

of InGaAs layer increases with increasing the Indium content of InGaAs. This results 

in more strain relaxation in the strained InAs dots, thus lowering the electron/hole 

transition energy levels of the dots. So, using the composition-adjustable InGaAs as 
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InAs QDs’ barrier layers is advantageous to extend the emission wavelength of the 

QD structure. In this section, the mid-IR emissive InAs/InP QD structures are 

designed based on the InGaAs barrier/strain engineering by using 8 band k⋅p theory to 

calculate the transition energies in the QD structures. Indium content of InGaAs can 

be tuned by two modes: directly or gradedly, thus forming the square or graded 

confinement barrier for the dots. Emission wavelength redshift degree by using two 

different, square and graded, InGaAs barriers in the InAs/InGaAs/InP QD structures 

has been studied, respectively, in the design.  

 

5.2.1 Square-barrier mid-IR QD structures   

Schematic diagram of the square barrier QD structures and the conduction 

band profiles of the structures are shown in Figure 5.1. The Indium content x of the 

InxGa1-xAs barriers of the InAs/InxGa1-xAs/InP QD structure (a), (b) and (c) is set at 

0.53, 0.63 and 0.72, respectively. The thickness of the InxGa1-xAs barrier layer is 

assumed be equal to 35 nm.   

 

 

 

 

 

 

 

 

(A) 

InP buffer/substrate 

InxGa1-xAs 

InxGa1-xAs 
InAs QD 

(a) x = 0.53 

(b) x = 0.63 

(c) x = 0.72 

InxGa1-xAs barrier 

(B) 

Figure 5.1 (A) Schematic diagram of the designed InAs/InxGa1-xAs/InP mid-IR QDs  

structures of (a), (b) and (c), and (B) the conduction band diagrams of the structures  

with different InxGa1-xAs square barriers. 
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The transition energies of the InAs/InGaAs/InP QD structures are also 

calculated under the QW approximation as described in Chapter 4. But for the 

InAs/InxGa1-xAs/InP QD structure, the InxGa1-xAs confinement layers are 

compressively strained to the substrate InP when the barrier composition x is larger 

than 0.53. The strain between the InAs QDs and the upper InGaAs cap layer is 

reduced compared with that between InAs dots and InP layer, which is taken into 

consideration in the calculation. All the transition energies are calculated at the 

temperature of 77 K, so it can be compared with the measured 77-K PL emission 

wavelengths to be investigated in the experiment part of Section 5.4.  

In the calculation, for the square barrier potential of the QD structure as shown 

in Figure 5.2, the integration of the InAs QDs potential energy in the growth direction 

Figure 5.2 Schematic diagram of the potential in the growth direction of the QDs  

( )zU  (refer to the in Equation 4.21) with the expansion terms still takes the 

form of

( )zU  

 

LQD 

L 

V1

structure with InGaAs square barrier. 

 

 

LLVzUmφ    Bm ⋅= 1)( φ                                                                                   (5.1) 

    
fL

fLQDVzU mm π
π

φφ
sin

)( 1 ⋅−=′                                                                    (5.2) 
)(

Lmmf )( ′−=  and QDB LL L  (m is an integral denoting the order of where −=
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related expansion term), V1 aAs barrier potential height, L is overall  is the InG

thickness of the QD structure, and BQD LLL += , where QDL  is the InAs QD’s mean 

height and BL  is the InGaAs barrie kness. It is assumed 0=zk  for the 

bound states in the calculations. 

The conduction band offs

r layer thic

et ratio of the InAs/InxGa1-xAs system is assumed to 

be 95%

.3 shows the ground state electron energy level (E1) in conduction 

band an

rowth  

 [ 205 ]. Except the band gap energy and electron effective mass, most 

parameters for the ternary compounds are obtained using a linear interpolation 

between the parameters of the relevant binary semiconductors. The material 

parameters for binary semiconductors used in the calculation are listed in Table 4.6 of 

Section 4.4.2.  

Figure 5

d the ground state heavy hole energy level (HH1) in valence band of the QDs. 

The transition energy, E1-HH1, of the InAs QD structure at wave vector k = 0 in the  

 
 

igure 5.3 Energy band profiles as a function of the structure layer along the g
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F

direction are plotted for the InGaAs/InAs(QDs)/InGaAs QD structures (a), (b) and (c)  

with different InGaAs square barriers based on 8-band k⋅p theoretical calculation.  

The thickness of structure’s layers along x-axis is not the exact value. 
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Figure 5.4 Emission wavelength of the designed (a)-(c) InAs/InGaAs/InP QDs  

arrier layers. 

momen

were also calculated after taking account of the strain effect. For all the calculation, 

 structures   

To further extend the InAs QD structure’s emission wavelength, graded 

InGaAs barrier InAs QD structures are proposed. The gradation, y, of the graded 

In0.53→(0.53+y)Ga0.47→(0.47-y)As barriers is changed from 0.12 to 0.37. Figure 5.5 shows 

structures as the function of the Indium content of InxGa1-xAs b

 

tum space can be obtained. The barrier energy levels of the QD structures 

valance band edge of InAs bulk material was taken as the reference zero point. Based 

on the calculated band profiles, transition energies of the QD structures and thus the 

emission wavelengths of the QD structures (a) to (c) as the function of InxGa1-xAs 

barriers’ Indium content, x, has been plotted in Figure 5.4. It shows that when the 

indium content of InxGa1-xAs barriers is increased from 0.53 to 0.72, the emission 

wavelength of InAs/InxGa1-xAs/InP QD structure is redshift by 220 nm and reaches 

2.25 µm at the temperature of 77 K.     

 

5.2.2 Graded-barrier mid-IR QD
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the schematic structures of the graded barrier InAs QD structures. The compositions 

c

 

c

 

of the 

 

 

Figure 5.5 (A) Schematic diagram of the designed In  QDs  

structure of (d) - (h) and (B) the conduction band d tures with  

different InxGa1-xAs barriers. (a) is the Ref. QD structu
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The transition  calculated using 

8 band k⋅p theory. As  the QDs potential  

energy 

ap and bottom graded InGaAs barriers are symmetric in all the graded barrier 

QD structures.    
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 energy of graded barrier QD structure has been

 shown in Figure 5.6, the integration of

Schematic diagram of the potential in the gr
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 energy of graded barrier QD structure has been

 shown in Figure 5.6, the integration of

structure with graded Istructure with graded I

in the growth direction in the growth direction ( )zU  with the expansion terms takes the form of   
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Where the items f, L,  and are defined the same as those used in the Equations 

of (5.1) and (5.2). The kz is still assumed to be equal to zero for the bound states in the 

lculations. 

The calculated typical subband profiles for the graded-barrier QD structure is 
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Figure 5.7 The calculated ene nd profiles for the InGaAs/InAs(QDs)/In

QD structures of (e) in Figure 5.5 with graded InGaAs barriers. The square-b
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shown 

 

  

n of the  

 

barrier 

In0.53→(

i.e. wi rs for the InAs dots, the longest emission 

wavelength reaches around 2.5 µm.  

 

s/InGaAs/InP QDs. InAs/InGaAs/InP QDs is a 

ifferent QD system with smaller lattice-mismatch strain (3.2%) than that (7.2%) of 

InAs/GaAs QD system. Besides, the designed InAs QD structures for mid-IR 

in Figure 5.7 for the reference. 
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Figure 5.8 Emission peak position of the theoretical designed (d)-(h)

InAs/InGaAs/InP QD structures as the function of the gradatio

different InxGa1-xAs barrier layers. 
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emission employ the compressively strained InGaAs layers on InP substrate. That is, 

the InAs Q

wn on the 

0.53Ga0.47As/InP matrix using the four growth methods, and for samples (a’) - (d’), 

7-0.28As/InP matrix. The reactor 

pressure was set at 20 mbar for growing th

o

Ds will be grown on a strained InGaAs/InP matrix. Deposition conditions 

of two-step growing the high-quality InAs/InGaAs/InP QDs will be explored in this 

section. For comparison, four different QDs growth methods with different growth 

conditions are investigated on the formation of InAs QDs on the two different 

In0.53Ga0.47As/InP and In0.53-0.72Ga0.47-0.28As/InP matrixes. The unstrained 

In0.53Ga0.47As/InP matrix is used for the comparison with the typical graded strained 

In0.53-0.72Ga0.47-0.28As/InP matrix. The four growth methods include the ordinary SK 

growth, two-step of fast-growth + slow-growth (FG+SG for short), atomic layer 

epitaxy (ALE) and two-step of fast-growth + ALE (FG+ALE). The growth conditions 

studied include growth temperature, growth rate and V/III flux ratio.  

 

5.3.1 Different InAs QDs growth methods 

The growth conditions for growing the QDs layer of four different growth  

methods are summarized in Table 5.1. The growth temperature for all the samples 

was set at 550 oC, which advantages growing higher crystal quality top cap layers for 

the dots to be capped. In samples (a) - (d), InAs QDs are gro

In

the QDs are grown on the graded In0.53-0.72Ga0.4

e InAs QDs, and it was set at 100 mbar for 

growing all other layers. A 200 nm InP buffer followed by a ∼ 35 nm InGaAs matrix 

layer was grown on InP (001) substrate at 600 ∼ 630 C before growing the InAs QDs. 

Nominal InAs layer thickness for all the samples was targeted at 6.7 MLs.  

In ordinary SK method self-assembly growth of InAs QDs, (a)/(a’), the InAs 

QD layer was grown in one-step growth with fast growth rate. The InAs growth rate 
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Table 5.1 Comparison of four different growth methods for growing InAs QDs on the 

two different matrixes: In0.53Ga0.47As/InP matrix for samples (a)-(d) and In0.53- 

0.72Ga0.47-0.28As/InP matrix for samples (a’)-(d’), where the group-III TMIn source flux  

and the growth time for growing the InAs QDs layer were listed. 

    

c , 

 
    Two-step                                        Internal                               Post-growth 

interruption 
                                       200 sccm,                               50 sccm, 
        (b)/(b’)                     4 s                2 s                     16 s              5 s  

BA      Off           
                               50 sccm,                        40 sccm,    

  3 s              1 s    (8 cycles) 

              Internal                               
  (FG+ALE)                   Step 1          interruption      Step 2          

Growth mode         TMIn source flux and duration time during growth 
    (Samples)                                                      

Ordinary SK               One-step fast growth 
                                       200 s cm
       (a)/(a’)                      8 s 

    (FG+SG)                    Step 1          interruption      Step 2       

 
 ALE in each cycle       On_TMIn       Off          On_T
        
         (c)/(c’)                    2 s                 1 s          
 
    Two-step                           
  
                                        200 sccm, 

 

was 0.8  8 seconds. 

Samples (b)/(b’) were grown by two steps: af e 

growth was interrupted for few seconds by closing the TMIn source flux and then 

continu /s. In the step-1 

growth that 

used in the ordinary SK growth method for growing samples (a)/(a’), but only grew 

          (d)/(d’)                     4 s               2 s                       ALE (4 cycles)               

3 ML/s with the TMIn flux setting at 200 sccm and grew for

ter fast growing a thin InAs layer, th

ed growing the InAs by using the slow growth rate of 0.2 ML

of such two-step growth method, the growth conditions were identical as 

for 4 seconds. For the ALE growth of InAs QDs, (c)/(c’), the group-III TMIn source 

and group-V TBA source were switched on and off alternatively, so to make the 
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growth in atomic layers in each cycle. Between on and off the MO sources, a short 

interruption, few seconds, was introduced in. Multi-repeat of such growth procedures 

is used to realize multiple-cycle growth of InAs QDs layer. The TMIn and TBA flux 

used in each atomic layer growth cycle was set at 50 sccm and 40 sccm, respectively. 

After 2-second opening of the TMIn source, there was a 1-second interruption, and 

then TBA source was opened for 3 seconds followed by another 1-second interruption. 

The fourth growth method is a different two-step method for growing samples (d)/(d’). 

In this two-step method, the step-1 fast growth is identical as that used for growing 

samples (b)/(b’). But, after the few-second interruption following step-1 growth, the 

ALE growth method is used in step-2 growth to grow the continued InAs layer, 

replacing the slow growth used for samples (b)/(b’). Growth conditions in this step-2 

ALE growth of InAs are the same as that used in the ALE method for growing 

samples (c)/(c’), but only grew for 4 cycles. So that the total InAs layer thickness was 

kept the same for all the samples (a)/(a’) to (d)/(d’).  

The top-view AFM morphology and the corresponding low temperature PL 

spectrum of these uncapped QDs samples are shown in Figure 5.9. In order to receive 

low temperature PL spectrum, the QD samples are cut into small pieces with 

3mm×5mm size and put into the cooling chamber with the chamber temperature 

controlled at 20 K during the measurement. Dot’s size standard deviation, dot density, 

the PL peak intensity and linewidth are summarized in Figure 5.10. The standard 

deviation σ of dot’s height and diameter has been calculated. Equation (4.1) is used 

for calculating the mean dot height hg and the corresponding standard deviation was 

calculated by using following formula [162],  

                  
( )[ ] 212

10

loglog
log

⎟
⎠

⎞

⎜
⎝

⎛ −∑
N

hhn
,                               (5.5) 1010 ⎟⎜= gnσ
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where N is the total number of the dots counted on the sample for the calculation, n is 

the number of the QDs counted with the same dot height of hn. Mean dot diameter and  

the corresponding standard deviation was calculated using similar equations. 
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igure 5.9 AFM (1×1 µm2) top-view images and 20-K PL spectra for samples (a) –  

) with InAs QDs grown on In0.53Ga0.47As/InP matrix and samples (a’)-(d’) with InAs  

Ds grown 53-0.72Ga0.47-0.28As/InP. 

pared with samples (a)/(a’) which were grown 

by using conventional SK method, samples (b)/(b’) do not show an obvious 

improvement in QD density and dot-size dispersion, so without obvious improvement 

in PL peak intensity and linewidth. Samples (c)/(c’) grown by using ALE growth 

method have low QD density and  broad size dispersion, and show a broad PL 
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As shown in Figure 5.10, com
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spectru mples (d)/(d’) which were grown by the 

two-step of FG+ALE growth method have the smallest dot-size dispersion; and their  

Figure 5.10 Comparison of the InAs QDs parameters including: dot-density,  

dot-size standard deviation (σ), PL peak intensity and linewidth for samples  

(a)/(a’) - (d)/(d’) based on the AFM images and PL spectra in Figure 

 

PL peak intensity and linewidth are improved greatly compared with other samples, 

although the dot-density of (d)/(d’) is not higher than that of samples (a)/(a’) or (b)/(b’) 

as shown in Figure and PL results 

m and low PL intensity. However, sa
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AFM images of SK fast grown InAs QDs of samples (a) and (a’) with 

differen ology: the 

dots are with high dot density but broad size dispersion. This also could be seen from 

e anisotropic surface 

diffusio

t InGaAs/InP matrixes (see Figure 5.9) show the similar QDs morph

the large standard deviation σ of the dot diameter and height of the two samples as 

shown in Figure 5.10. This indicates that using fast SK growth mode is difficult to 

grow uniform sized InAs/InGaAs/InP QDs. It has been reported that the elongated 

InAs QDs (dash) was formed on InGaAs/InP because of th

n of adatoms induced by As dimer surface reconstruction under As-terminated 

growth [ 206 , 207 ]. For sample (a) and sample (a’), randomly distributed in-

homogeneous QDs were formed. No dash is observed in these two samples. This is 

because in ordinary SK growth of QDs, the QDs are formed self-assembly when the 

strain energy in InAs wetting layer was released; and under the fast growth rate, the 

nucleation rate of QDs is high because the Indium atoms are forced to coalesce due to 

the short surface diffusion time/length, which suppresses the formation of dashes 

[120]. But, at the same time, the nonuniform strained surface layer leads to form the 

nuclei or dots in high density with nonuniform size [208]. So, dots grown by ordinary 

SK growth is not uniform in size distribution, and as expected, their PL curve 

linewidth is wide with low PL peak intensity.   

For the ALE grown samples (c)/(c’), it is observed that some InAs dashes, 

especially for sample (c’), were also formed besides the dots. More dash structures 

formed in sample (c’) than that in (c) is attributed to the strained roughened surface of 

In0.53-0.72Ga0.47-0.28As matrix layer due to its lattice mismatch to InP buffer/substrate. 

There are three types of nanostructures formed (see AFM image of (c’)). The first 

type is anisotropic quantum dashes (QDHs) aligned along [ 101 ] direction. The second 

type is also in dash form but these QDHs are not aligned along [ 101 ] direction. 
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Format

s. T

n the M im

ion of the two types of QDHs was because the anisotropic surface diffusion of 

adatoms during the InAs QD layer growth on InGaAs matrix [206, 207, 209], and the 

strain induced roughening of In0.53-0.72Ga0.47-0.28As matrix layer enforces adatoms’ 

anisotropic diffusion. However, the reason for the two types of dashes is still not clear. 

The third type is QDs. These QDs are formed between the dashes. About half of the 

total dots formed on sample (c’) are the QDs. The energy barrier at the edge of the 

formed dashes is higher when the lateral size of the dashes increase his energy 

barrier prevents the Indium atoms approaching the dashes, which limits the dashes 

growing further [173]. These Indium atoms then self-nucleate between the dashes and 

new dots are formed. As shown i  AF ages of sample (c’), the dashes are 

with lower height but longer size: the aspect ratio of the dashes is about 0.05, while 

for the QDs the aspect ratio is around 0.15. Large variation of the dot size distribution 

in sample (c’) is because there are both dashes and dots formed during the ALE 

growth. So it shows QDs grown by ALE-method have low density, 0.6 ∼ 0.8×1010

buted because of the concentration gradient [210]; 

some of these adatoms could self-nucleate to form new nuclei between large islands 

 cm-

2, and broad dot-size dispersion. This could also be seen from the dot’s diameter 

standard deviation, over 1.8 nm. Correspondingly, the PL peak intensity is not high 

and PL linewidth is not narrow. 

Samples (b)/(b’) were grown by using the FG+SG two-step growth method. 

Their dots’ size uniformity and PL performance are much lower than that of samples 

(d)/(d’), which were grown by FG+ALE two-step method. In the two-step growth, the 

advantages of using fast growth rate in step-1 growth are: suppressing the formation 

of dash-like structures [120] and forming high-density nuclei for further QDs growth. 

During the internal growth interruption and the step-2 growth, the meta-stable 

adatoms on the surface redistri
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as mentioned previously, which is advantageous to density increase of the dots 

formed. The difference between FG+SG and FG+ALE growth methods lies in the 

step-2 growth, where the formed high density nuclei further developed into the final 

QDs. Compared with the slow growth (SG), in the ALE growth, there is an 

interruption between alternatively opening TMIn and TBA sources. These 

interruptions give longer time for atoms to be selectively incorporated onto the 

smaller islands for growth under kinetically self-limiting growth as discussed in 

Chapter 4. As a result, the size uniformity is improved (see dots’ size standard 

deviation σ in Figure 5.10) when the dots are grown by the FG+ALE two-step growth 

instead of the FG+SG two-step method. Although, the dot-density of FG+ALE grown 

QDs is not higher than that of FG+SG grown dots, but their PL intensity and 

linewidth is much better than that of FG+SG grown QDs. This shows the crystal 

quality of the FG+ALE grown QDs is improved, which is attributed to the longer 

interruption in the ALE growth than that in slow growth used in step-2 growth. The 

longer interruption advantages breaking the weak atom-bonding of the grown-defects 

formed in the QDs [174], thus increasing the dots’ crystal quality.  

Besides, the dot density of sample (d’) is 1.17×1010 cm-2, which increased by 

around 38% from 0.85×1010

 InAs QDs formed 

on strained InxGa1-xAs/InP matrix have higher density and larger size than those 

 cm-2, the density of (d), as the AFM images shown in 

Figure 5.9. Also, the dots of sample (d’) are larger than those of (d) in the size. This is 

because: first, the strain-induced rough surface of In0.53-0.72Ga0.47-0.28As, compared 

with In0.53Ga0.47As, layer provides more sites for forming the InAs nuclei which 

results in higher dot density; Secondly, rough matrix layer surface enhances the 

probability for adatoms to be adsorbed and then increases the consumption efficiency 

of the Indium source during the InAs layer deposition. Therefore,
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grown 

nucleation growth on InAs/InGaAs/InP 

QDs fo ation are investigated. The optimized ALE growth is used in the second step 

growth for all the QDs growths. And the InAs QDs are grown on the strained In0.53-

on unstrained In0.53Ga0.47As/InP matrix. It has been estimated that the nominal 

thickness of the formed InAs QDs of sample (d’) is about 2.8 MLs which is about 1 

ML thicker than that of sample (d). The QD’s forming efficiency, defined as the ratio 

of the total volume of the formed InAs QDs versus the total input InAs material 

during the MOCVD growth, of (d’) is about 56% higher than that of sample (d). 

These results show that under using the FG+ALE two-step method for InAs QDs 

growth, the dot density could be increased further with the slight increase in dot size if 

InGaAs/InP matrix is strained. This is significant to develop such QD systems for 

mid-IR applications. In conclusion, the FG+ALE two-step method improves the dot 

size uniformity, and further increases the dot density if growing the dots on the 

strained In0.53-0.72Ga0.47-0.28As/InP, instead of the matched In0.53Ga0.47As/InP, matrix. 

In the following, the growth conditions of the FG+ALE two-step method will be 

optimized further to improve the dot density and crystal quality of the dots grown on 

the strained In0.53-0.72Ga0.47-0.28As/InP matrix.  

 

5.3.2 Step-1 nucleation growth dependence 

In the two-step QDs growth, 3-D island nucleation starts in step-1 growth and 

then followed by the kinetic self-limiting growth of uniform QDs in step-2 ALE 

growth. In previous studies, optimization of the step-2 growth has been investigated. 

However, the first step nucleation has important impact on the morphology and 

crystal-quality of the QDs finally formed in the two-step growths. 

In this section, the effects of growth rate, substrate temperature and input 

sources V/III ratio for the first step InAs QDs 

rm
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0.72Ga0.47-0.28As/InP matrix. The detailed growth conditions for InAs QDs layer 

growth

In Ga As/InP matrix. The other common growth conditions are also listed. 

   Two-step  

QD

Step 1 Internal Step 2 Post-

s were listed in Table 5.2. 

 

Table 5.2 Comparison of growth rate (samples (e)-(h)), growth temperature  

(samples (i)-(m)) and V/III flux ratio (samples (n)-(u)) for growing InAs QDs on  

0.53-0.72 0.47-0.28

       growth  
s 

samples 

 interruption (ALE) growth 
interruption 

     (e) – (h) 0.42∼1.68 ML/s 2 s 4-cycle 

growth: 

5 s 
 (550 oC & V/III = 6.5) monolayer 

     (i) - (m) Temp: 460 ∼ 600 oC 
 (0.84 ML/s & V/III = 6.5) 
     (n) – (u) 

 
V/III ratio = 0 ∼ 11 
(0.84 ML/s & 550 oC) 

 

First, for the growth-rate study, four samples (e), (f), (g) and (h) were grown 

by setting the growth rate in step-1 at 0.42, 0.84, 1.26 and 1.68 ML/s, respectively, 

when growing the QDs layer. Top-view AFM images and the corresponding low 

temperature PL spectra of these samples are shown in Figure 5.11. Dot’s size standard 

deviation, dot density, PL peak intensity and line m d in F  

lts s  

growth, the sample (sample (f)) has the highest dot density, strongest PL emission 

inten arro which indicates the narrowest dot size 

ispersion and high crystal-quality of the QDs of sample (f). The kinetic theory of 

shows that the 3-D island surface density rises with 

increas

 

(i) Effect of the growth rate 

width are su marize igure 5.12.

The resu how that when the growth rate is around 0.84 ML/s in step-1

sity and n west PL spectrum, 

d

stress driving QD growth 

ing the growth rate, V, approximately as V3/2 [211]. In the two-step growth, 

QDs growth is divided into two steps. In step-1 growth, high-density nuclei are 

formed. Then the formed nuclei will further develop into the QDs in step-2 ALE  
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Figure 5.11 AFM (1 1 m ) top-view images and 20-K PL spectra for samples (e) –  

0.53- 

× μ 2

(h) with different growth rates in step-1 growth during growing InAs QDs on In

0.72Ga0.47-0.28As/InP matrix. 

2000 2200 2400 2600

Figure 5.12 Comparison of the InAs QDs parameters including: dot-density,  

dot-size standard deviation (σ), PL peak intensity and linewidth for samples (e) –  

(h) based on the AFM images and PL spectra in Figure 5.11. 

 

growth. As predicted in Ref. 211, the characteristic time of the nucleation during the 

QD formation is much shorter than the time for the nuclei being developed into the 
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QDs. In two-step growth of QDs, if the growth rate, thus the nucleation rate, in step-1 

growth is too fast, ≥ 1.26 MLs/s, a large amount of strain energy must be dissipated 

with the insufficient time for single-crystalline material formation. This causes the 

formation of non-crystalline defects in the QDs. These defects are with lower energy 

barrier and grow faster than the crystallographically-selective slow-growing single-

crystals [169 se defects will become the seeds for forming the in erent islands 

or even the large clusters. As a result, the crystal quality, dot density and size 

uniformity o Ds will be affected if the growth rate is too high in step-1 growth. 

This is shown from the measured results of samples (e), (f), (g) and (h) in Figure 5.11 

and Figure 5.12: when the growth rate in step1 growth is increased properly from 0.42 

ML/s t

has bee

above dot density decreases 

ue to the small QDs being consumed for the ripening growth from the incoherent 

]. T

f th

he

e Q

coh

o 0.84 ML/s, the dot density, size uniformity and PL emission of the sample 

n improved much. But when the growth rate is increased to 1.26 MLs/s and 

with less than 2.7-second duration in step-1 growth, the 

d

islands into the large clusters. This obviously degrades the dot size-uniformity and PL 

emission intensity of the samples. So, the growth rate of 0.84 ML/s in step-1 QD 

growth is selected for the further study since which brings with the best dot 

morphology and crystal quality, and then the best PL emission performance.    

 

(ii) Effect of the growth temperature 

To investigate the effects of the substrate temperature on the InAs/InGaAs/InP 

QDs formation, five samples, samples (i), (j), (k), (l) (= (f)) and (m), were grown at 

the temperature of 460, 500, 520, 550 and 600 oC, respectively, while the growth rate 

in step 1 was set at the optimized growth rate of 0.84 ML/s and other growth 

conditions were kept the same during the growths. Figure 5.13 shows the AFM 
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images and the low temperature PL spectra of the five samples. The dot size standard 

deviation, dot density, PL peak intensity and PL spectrum linewidth of the samples 

are summarized in Figure 5.14. 

 

(i) (k) (j) (l) 

Figure 5.13 AFM (1×1μm ) top-view images and 20-K PL spectra for samples (i) –  

0.53-0.72Ga0.47- 

 

 

Figure 5.14 Comparison of the InAs QDs parameters including: dot- 

density, dot-size standard deviation (σ), PL peak intensity and linewidth for  

samples (i) - (m) based on the AFM images and PL spectra in Figure 5.13. 

2

(m) with different growth temperatures for growing InAs QDs on In

0.28As/InP matrix. 
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It has been observed: (I) when grown at low temperature, 460 oC, bi-modal 

sized QDs were formed; when the temperature was increased to 550 oC, the dot size 

dispersion becomes narrower, but it becomes broader again when the temperature was 

further increased to 600 oC; (II) The highest dot density of the sample (sample (k)) 

which was grown at 460 oC looks similar to that of the QDs grown using normal ALE 

growth mode as that of (c’) in Figure 5.9 of this chapter. When the temperature was 

increased to 520 oC, the nuclei formed in step-1 are all developed into the QDs during 

step-2 growth, high density QD

was grown at the temperature of  oC; (III) The sample with the best PL 

performance was grown at 550 oC, not the sample (sample (k)) which was grown at 

520 oC with the highest dot density. 

At low growth temperature, ≤  oC, incorporation of adatoms for the epitaxy 

growth is low. There was not enough time to grow enough material for forming QD 

nuclei in the step-1 growth, and only wetting layer was grown. The QDs were mainly 

grown in step-2 ALE growth. Therefore, t he QDs of sample (i) 

s of 1.4×1010/cm2 have been received in sample (k). 

However, the dot density of the samples decreases when the growth temperature was 

increas

increas

perform l) which was grown at 550 oC, rather than that of sample (k) 

with higher dot density, is because crystal quality of the formed QDs is better when 

grown at higher temperature. Material grown at higher temperature normally has 

better crystal quality due to the reduced grown-in defects, such as non-/poly-

crystalline ures. Non-crystallines are generated at the QDs/matrix interface due 

to the large lattice mismatch strain between the InAs dots and the InGaAs/InP matrix 

[239]. At higher growth temperature these non-crystalline structures are broken [174], 

 ∼520

 500

he AFM image of t

ed above 520 oC and the dot size becomes bigger, which is caused by the 

ed diffusion length of adatoms at higher temperature [169]. The better PL 

ance of sample (

 struct
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and hence the crystal quality of the QDs has been improved. But, if the growth 

temperature is too high, ≥ 600 oC, in the case of sample (m), the sample’s dot-density 

is redu

sample (m

optimized growth temperature of 550 C, which brings with high dot density, uniform 

dot size and best PL performance of the QDs, has been received under the current 

conditions. This temperature with the optimized step-1 growth rate (0.84 ML/s) in QD 

growth will be applied for the following V/III flux ratio study.  

 

(iii)  

10/cm2. It can be calculated with the dot 

density

ced because the larger size dots are formed at higher temperature. So that, 

)’s PL intensity is lower than that from sample (l). The results show that an 

o

Effect of the V/III flux ratio

In the above investigations, dot density of the samples under the optimized 

growth conditions reaches around 1.2×10

 the corresponding QDs’ surface coverage of the dots is only ~23%. In order to 

enhance the sample’s PL performance further, it is very important to grow the sample 

with higher dot density. In this investigation, we have tried to increase the dot density 

by optimizing the inlet source flux of group-V source TBA flux in step-1 growth.     

In this study, the TMIn group-III source flux and all other growth conditions 

were kept unchanged for growing the samples. Only group-V source flux of TBA for 

step-1 growth was changed from 0 to 4.52×10-4 mol/min, with the V/III ratio 

correspondingly changed from 0 to 11, in the two-step growths of QDs. Samples (n), 

(o), (p), (q), (r), (s), (t) and (u) were grown by two step growth with the input source 

flux V/III ratio in step-1 growth set at 0, 0.2, 0.5, 1.1, 2, 4, 6.5 and 11, respectively, by 

adjusting the TBA flux. Figure 5.15 shows the QDs’ AFM images and low-

temperature PL spectra of these samples. The dot density of the samples with different 

input V/III ratio in step-1 growth is summarized in Figure 5.16.  
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Very high dot density, ~2.5×1010

Figure 5.15 1×1μm AFM top-view images and low temperature PL spectra of  

samples (n), (o), (p), (q), (r), (s), (t) and (u). 

 cm-2, has been achieved and it slightly 

changes with the input V/III source flow ratio in step-1 growth when the V/III ratio 

changed from 0 to 1. When the V/III ratio is >1, the formed QD density drops sharply 

with increasing the V/III ratio. This observation is different from what has been 

reported where the dot density increased with the V/III source flow ratio [212, 213]. 

In the range of V/III >1, the surface-diffusion length of Indium adatom is increased 

when the group V atom concentration on the epitaxy growth surface is reduced by 

lowering the V/III ratio [214,215], so that the effective coverage of the Indium 

adatoms on the growth surface is enlarged. The formed nuclei density is thus  
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increased with the reduction of V/III ratio during the step-1 growth in two-step 

growth of InAs QDs, which results in higher dot density. Besides, it has also been 

shown that a smaller critical thickness is obtained when the group V source, TBAs, 

inlet flux is decreased in SK growth of QDs [216]. Or in other wards, the

 

 low group V 

source

 

 

 

 

 

Figure 5.16 QDs density as the function of V/III ratio used in step-1 growth for  

growing QDs of samples (n), (o), (p), (q), (r), (s), (t) and (u). 

 

[217].  A roughened growth surface has much 

at the same time reduces the critical thickness for the onset of 2-D to 3-D growth 

transformation [218]. As a result, the formed QDs’ dot-density in the two-step growth 

becomes higher when the input V/III ratio in step-1 growth reduces to less than 1. On 

the other hand, the reduced arriving arsenic atoms under the lower V/III ratio enable 
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flow can accelerate the onset of the 3-D islands formation in SK QDs growths, 

thus resulting in higher density nuclei/QDs with lower inlet V/III ratio. 

When the input V/III ratio during the step-1 growth is very low, V/III<1, input 
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the arr n the 

matrix e InAs islands through free atoms 

step-1 growth 

was red

m

position,  PL linewidth of  

the sam

les slightly blueshifts  

 

 

 

 

iving indium atoms to mainly bond with the dangling arsenic atoms o

InGaAs surface instead of forming larg

congregating together. This also contributes to the dot density increase as discussed in 

Ref. [219]. It is calculated that the surface coverage of the QDs of sample (q) with 

setting the V/III input flow ratio in step-1 growth at V/III = 1.1 is ∼ 60 %, which is 

very high. There are not many rooms to further increase the dot density of the sample 

by further reducing the input flow V/III ratio in step-1 growth. So, the dot-density of 

samples (n), (o) and (p) did not increase much when the V/III ratio in 

uced from 1 to zero.   

Optical and crystal properties of the InAs QDs samples grown with different 

input V/III ratio in step-1 growths have been studied using PL measurement, and the 

easured PL spectra are also shown in Figure 5.15. Figure 5.17 plots the PL peak 

 peak emission intensity, integrated emission intensity and

ples grown with different input V/III ratios in step-1 growth. 

It is observed that the PL peak position of the QD samp

 

 

 

 

 

 

Figure 5.17 PL results, including PL peak position, peak intensity, integrated  

intensity and FWHM, as the function of V/III ratio used for samples (n)- (u). 
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with the reduction of input flow V/III ratio in step-1 growth. This is because the dot’s 

height grown with lower input V/III ratio is lower when the sample’s dot-density is 

higher. It shows that both the peak emission intensity and the integrated emission 

intensity of the samples increase with reducing the input flow V/III ratio in step-1 

growth. The PL emission changes follow the changes of the samples’ dot-density with 

the input V/III ratio, which shows that the crystal quality of the QDs grown with the 

input V/III ratio in step-1 growth being reduced does not degrade. The increase in the 

PL emission intensity of the sample grown with lower input V/III ratio in step-1 

growth is because of the higher dot density of the sample. The PL linewidths of the 

samples growth with the input V/III ratio ≤ 4 are similar, which shows the uniformity 

of dot size and crystal quality of the QDs formed of the samples are similar, even 

though

r the InAs QDs 

grown 

(550 oC) and step-1 growth rate (0.84 ML/s), l tio in step-1 growth 

enhances dot density and then dots’ PL perform nce.  

Till now, high quality mid-IR emissive InAs QDs have been grown on the 

InGaAs/InP matrix after optimizing the dots’ growth method and growth conditions. 

The highest dot density obtained is 2.5×101 /cm2, and the standard deviation, for 

characterizing dots’ size uniformity, of the dots formed is smaller than 2 nm. The 

received high quality InAs/InGaAs/InP QDs in this work are comparable with the 

reported InAs/In(Al)GaAs/InP QDs grown by AsH3/H2 with dot-density&standard-

 the input V/III ratio was reduced. It is noticeable that for sample (n) with the 

input V/III ratio in step-1 growth was V/III = 0, the PL intensity is much higher than 

that of the other samples. The real mechanism of this sharp increase in the PL 

emission intensity of the QDs grown with zero input V/III ratio in step-1 growth of 

the two-step growth InAs QDs needs to be further analyzed. So, fo

on In0.53-0.72Ga0.47-0.28As/InP matrix under the optimized growth temperature 

owering the V/III ra

a

0
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deviatio

This m ing QD 

0.53-0.72 0.47-0.28

0.72-

0.53 0.28-0.47

corresponding capped QDs samples (q+) and (t+). The dot density of samples (q)/(q+) 

dot size standard deviation of 1.1 nm and 1.4 nm, respectively, for sample (q)/(q+) 

samples is because the dots of the two samples have different dot density and size but 

both with uniform

used/assumbed in the theoretical design for mid-IR QD structures (Refer to paragraph 

n of 2.5×1010/cm2&1.4nm in Ref. 12 and 3.0×1010/cm2&5.2nm in Ref. 13. 

akes it promising to develop the QDs for practical application by grow

structures with the safer process conditions, i.e. using TBA/N2 in MOCVD. For a QD 

structure, the dots will be capped by a cap layer with the composition similar to that 

of dots’ matrix layer. This cap layer will enforce the strain on the dots below as 

mentioned previously, thus affecting dots’ PL emission spectrum. In the sub-section 

below, a comparison study of the PL emission spectra for the capped QDs with 

different QD densities&sizes have been carried out; the PL results are also compared 

with that of the corresponding uncapped QDs.  

 

5.3.3 PL spectrum of the capped QD structure  

To study the PL performance of the capped QDs, two capped QD structures 

were grown based on the uncapped InAs/In Ga As/InP QDs (q) and (t) 

mentioned in Figure 5.15. As shown in Figure 5.18, a cap layer of ∼ 50 nm In

Ga As layer was deposited on the free-standing QDs to form the two 

and (t)/(t+) is 2.5×1010/cm2 and 1.2×1010/cm2, respectively, based on the AFM images 

measured. And the QD’s height is 9 nm and 7 nm, respectively. The similarly small 

and (t)/(t+) shows the dots are uniform in size. The reason for choosing the two 

 dot size distribution. This is good for the study of dot density/size 

effects on the PL properties. Besides, sample (t) has the same dot height as 

1 in Section 5.2). During growing the InGaAs cap layer immediately after InAs QDs 
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growth, the temperature was gradually increased from 550 oC to 580 oC to improve 

the layer’s crystal quality as mentioned previously. The temperature increase rate is ∼ 

0.1 oC/s. We observe no effect on dot’s energy band gap when the reactor temperature 

is increased by 30 oC for growing the cap layer. However, when the growth 

temperature increases by 50 oC or above for cap layer growth, the dot’s PL 

wavelength blueshifts due to dot’s size decrease induced by indium evaporation 

and/or in-situ intermixing between InAs QDs and InGaAs top barrier layer. The PL 

spectra of the samples were shown in Figure 5.18. In Figure 5.19, the PL 

peak/integrated emission intensity and PL linewidth are summarized; and the dot 

height of the uncapped QDs and the PL peak positions of the uncapped and capped 

QDs are shown in Figure 5.20.  

 
 

 

 

 

 

 

 

 

 

 

Figure 5.18 Schematic uncapped & capped QD structures with different dot  

 

 

 

density of samples (q)/(q+) and (t)/(t+); the corresponding PL spectra for the two  

groups of samples are measured at 20 K. 
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Figure 5.19 Comparison of PL peak/integrated intensity and PL linewidth  

between the uncapped/capped samples (q)/(q+) and (t)/(t+). 

 

 

 

 

 

 

 

 

 

Figure 5.20 Comparison of QDs’ mean height and PL peak-positions between the  

uncapped ples (q)/(q+) and (t)/(t+). 
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peak/in

integra

increase. This further confirms increasing the dot density by lowering the input V/III 

flux ratio does not degrade the crystal-quality of the dots formed. Besides, the PL 

linewidth of low-density QDs (samples (t)/(t+)) is larger than that of high-density dots 

(samples (q)/(q+)) for both the uncapped and capped dots, while the dot size 

dispersion of low-density QDs is narrower than that of high-density dots. This shows 

QDs’ PL linewidth is not determined by the dot’s size distribution only. This is 

probably related to the In0.72-0.53Ga0.28-0.47As cap layer. When growing the cap layer, 

the initial several monolayers are grown on the free-standing dots with a rough 

growth surface. The larger the QD’s size, the rougher the growth surface to the 

InGaAs cap layer. So, the rougher growth surface during growing the InGaAs cap 

layer of sample (t+) results in the lower uniformity in the composition of the InGaAs 

layer, thus

the PL linewidth. As shown in Figure 5.20, the PL emission peaks of the uncapped 

and capped QDs are both in a positive relation to the dots’ mean height. But 

obviously, the emission peak blueshifts fr  the uncapped to the capped QDs. This 

further demonstrates the compressive strain of the cap layer enforced on the below 

QDs increases the transition energy in the dot layer. So, the redshift technologies in 

our designing the mid-IR QD structures include the use of the strain engineering 

between the QDs and the top cap layer. In addition, when the dots’ mean-height 

increases from 7 to 9 nm, the PL emission peak position redshifts by 76 nm, i.e. from 

2.058 µm to 2.134 µm. This indicates adjusting dots’ height is another effective 

method

samples under different excitation 

tegrated intensities of the uncapped and capped samples both increase, but the 

ted intensity increases faster than the peak intensity with the dot-density 

 resulting in the larger fluctuated confinement barrier and then broadening 

 

om

s 

 to tune the emission wavelength of the QDs.     

Figure 5.21 shows the PL spectra of the two 
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power. The excitation power is changed from 20 mW to 120 mW. It is noted that 

when t

QDs morphology. 

 

cap layer widens the nonequilibrium carrier distributions in QDs. Carrier occupancy 

states at the ground energy level related to the radiative emission become more 

dispersed. When the excitation power increases, the dominated photongenerated 

transitions gradually transfer from low-energy to high-energy due to the saturation of 

lower-energy transitions. So, the high energy sub-peak appears under the higher 

excitation power in sample (t+). One of the reasons for the stronger emission intensity 

of high energy peak compared with that of low energy peak maybe is because there 

are less number of states in the ground state as compared to the higher excited states, 

which needs the further study and confirmation. 

 

he excitation power increased, the integrated PL intensity of the samples 

increased with the linewidth broadening. When the excitation power increases from 

20 mW to 120 mW, a higher energy emission peak of sample (t+) becomes stronger 

as labeled with the arrow in Figure 5.21. This is not observed for sample (q+). For 

sample (t+), the larger dot size induced nonuniform confinement potential of the top 

Figure 5.21 Excitation-power-PL spectra for samples (q+) and (t+) with different  

(t+) (q+) 
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5.4 Extend the emission wavelength of QDs  

To extend the emission wavelength of InAs/InGaAs/InP QD structure, square 

and graded InGaAs barriers as designed are used when growing the QD structures.  

ean height of the InAs dot

∼ 1.2×10 /cm . First, the PL emission performance has been compared for 

ctures with square and graded InGaAs barriers. After that, the PL emission 

of the InAs/InGaAs/InP QD structures with different graded InGaAs barriers is 

 The experimental PL emission wavelengths have also been compared 

The m

density of 

the QD stru

investigated.

with the designed transition energies.  

 
5.4.1 Graded barrier InAs QDs    

Three different barriers, i.e. square high-barrier In0.53Ga0.47As, graded barrier 

In0.53-0.72Ga0.47-0.28As and square low-barrier In0.72Ga0.28As, were used to confine InAs 

QDs in the InAs/InGaAs/InP QD structures for PL study. The top and bottom InGaAs 

barriers are symmetric in composition. The specific QD structures studied are  

 

Table 5.3 Summary of the InAs QD structures of samples (a), (b) and (c). The 3-D  

each of the samples. 

       
         
        Top barrier                             In0.53Ga0.47As       In0.72-0.53Ga0.28-0.47As      In0.72Ga0.28

s grown is controlled at around ∼ 9 nm with the dot 

10 2

AFM images, dots’ height and dot density of the InAs QDs are also listed for  

QD structure                           Sample (a)              Sample (b)              Sample (c)
            

As       
 
         
        
      
       
          
        
       
       Buffer/substrate                                                         InP(001)         

             3-D AFM images 

             Average height (nm) 
             & density (×1010/cm2)          9.0&1.00                              8.9&1.25                                8.9&1.32    

Bottom barrier                          In0.53Ga0.47As      In0.53-0.72Ga0.47-0.28As       In0.72Ga0.28As 

QDs 
layer 
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compared in Table 5.3. The InAs QDs’ top-view 3-D AFM images of the three 

uncapped QD samples were also shown in Table 5.3. The thickness of all the InGaAs 

barrier layers is around 35 nm. The InAs QDs were grown by the optimized FG+ALE 

o-step method. For all the samples, a 200 nm InP buffer layer was grown on InP 

30 oC before growing 

xGa1-xAs 

bottom As upper barrier layer 

to cover C with different 

Indium C, the growth temperature 

atched In0.53Ga0.47As barriers; while in 

 in symmetric In0.72-0.53Ga0.28-0.47As graded 

barrier layers; and for sample (c), the InAs QDs are embedded in highly strained  

 

 

 

 

 

 

 

Figure 5.22 PL spectra of samples (a), (b) and (c) measured at 77 K. 
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(001) substrate with the temperature increased from 600 oC to 6

the QD structure on top. The QD structure consists of an un-relaxed In

 barrier layer, InAs QDs grown on top and then InxGa1-x

 the QDs. The bottom InxGa1-xAs layers were grown at 600

 composition, x. After growing InAs dots at 550 

 o

o

was gradually increased to 580 oC for growing high quality InGaAs layer and also to 

minimize the material re-evaporation from the formed dots. After the whole QD 

structure growth, the reactor temperature was immediately cooled down to RT. 

Figure 5.22 shows the 77-K PL spectra of samples (a), (b) and (c). In sample 

(a), InAs QDs are embedded in lattice-m

sample (b), the InAs QDs are embedded
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In0.72Ga

and (c)  2.20 μm and 2.28 μm, respectively. 

y its 

 from dot’s upper barrier layer [115, 117] and the substrate, 

been put into consideration in designing the mid-IR QD 

tructures. The theoretically predicted emission wavelength for the three QD 

espectively. These 

 three 

sample

compared in Figure 5.23. Sample (a) and sample (b) have high PL emission intensity 

0.28As barrier layers. The measured emission wavelength of sample (a), (b) 

 at 77 K is 1.98 μm,

Emission wavelength of a QD structure is affected by the dot’s size, mainl

height [107, 191], energy band gap of the barriers [114, 118], and the lattice-

mismatch induced strain

etc. All these factors have 

s

structures of (a), (b) and (c) is 2.03 µm, 2.21 µm and 2.25 µm, r

results match to the observed experimental PL emission peaks well. This further 

confirms the validity of employing the 8 band k⋅p theory for predicting the QDs’ 

transition energies. Besides, the mean dot heights of the three samples as indicated in 

Table 5.3 are almost the same, about 9 nm. This will not contribute to the large 

redshift of the emission wavelength, ≥ 220 nm, of sample (b) and (c) when compared 

with that of sample (a). So, as proposed in the design, the redshift is induced by two 

factors: barrier band gap and top barrier’s strain. The barrier’s energy band gap of the 

QD structures in sample (b) and (c) are both lower than that of (a). And the strain 

between InAs QDs and the InxGa1-xAs upper barrier layers is smaller of (b) and (c) 

when compared with that of (a). Moreover, sample (c) has the lowest barrier height, 

and the lattice mismatch between the In0.72Ga0.28As upper barrier layer and InAs QDs 

is the smallest. So, sample (c) has the longest emission wavelength among the

s. In sample (b), the InAs QDs are embedded in In0.53-0.72Ga0.47-0.28As 

symmetric graded barriers. Its emission peak is greatly redshifted from that of sample 

(a), only slightly shorter than that of sample (c).   

The PL emission intensity and FWHM of the three QD structures are 
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and the narrow FWHM. Sample (c) has the narrowest FWHM PL spectrum,

ission intensity is the lowest among the three samples. The narrower PL spectrum 

ttributed to its more uniform dot size. However, the lower barrier 

height of sample (c) reduces the carrier’s confinement, resulting in lower PL em

ity. The dot density of sample (a) and (b) is slightly lower than that of

(c). So, the higher PL peak emission intensity of sample (a) and (b) is because th

 but its 

em

of sam

ission 

intens  sample 

ey  

 

 

 

ple (c) is a

 

 

 

 

 

 

Figure 5.23 The measured PL peak intensity and FWHM of the PL spectrum versus  

the peak emission wavelength of samples (a), (b) and (c). 

 

have higher barrier heights, thus better carrier confinement. Sample (c) has lower 

barrier height leading to the lowest PL peak intensity. The results show sample (b), 

with the graded barrier for QDs, has long emission wavelength and at the same time 

has strong PL emission intensity. This indicates that InAs QD structure with InxGa1-

xAs graded barrier grown on InP substrate is more suitable for mid-IR optoelectronic 

device applications. In the following mid-IR QD structures growths, the graded 

InGaAs barriers are employed.      
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5.4.2 Barrier’s gradation dependence of QDs’ PL emission     

As the designed QD structures in Section 5.1.2, five graded-barrier based QDs 

samples (d’), (e’), (f’), (g’) and (h’) with symmetric graded barriers of In0.53-0.65Ga0.47-

0.35As, In0.53-0.72Ga0.47-0.28As, In0.53-0.8Ga0.47-0.2As, In0.53-0.85Ga0.47-0.15As and In0.53-

0.9Ga0.47-0.1As, respectively, as the InAs QDs have been grown on InP(100) substrate. 

Reference sample (a’) with In0.53Ga0.47As as the barriers was also grown for 

compa

ropertie  

fferent graded InGaAs  

barriers of samples (a’), (d’), (e’), (f’), (g’) and (h’). 

1600 1800 2000 2200 2400 2600 2800

rison. In the growth of these QD structures, layers growths are the same as 

described in last section except the bottom barrier layers of samples (g’) and (h’). For 

the two samples, the gradation, y, of In0.53→(0.53+y)Ga0.47→(0.47-y)As is wider and then its 

lattice mismatch to InP buffer/substrate is larger. This results in the reduction of the 

critical thickness before the relaxation of In0.53→(0.53+y)Ga0.47→(0.47-y)As layer when 

grown on InP buffer/substrate. So, the thickness of the bottom In0.53→(0.53+y)Ga0.47→(0.47-

y)As layer for samples (h) and (i) is only 20 nm. But the corresponding top InGaAs 

layer thickness is still 35 nm as the other samples. The barrier effects on dots’ PL 

p s were investigated based on the PL emission wavelength, PL intensity and 

  

 

 

 

 

 

 

 

 

Figure 5.24 77-K PL spectra for the QD structures with di
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PL linewidth of the QD structures. 

The low-temperature normalized PL spectra for samples (d’) - (h’) were 

shown in Figure 5.24 and the PL peak intensities and the linewidths of the 

corresponding PL spectra as the function of the emission wavelengths are plotted in 

Figure 5.25.  The dot’s size, size standard deviation, and dot density of the uncapped 

QDs corresponding to the QD samples of (d’) - (h’) were compared in Table 5.4. It’s 

noted that the dot density, which affect the PL intensity, of samples (d

 

 

 

’) - (h’) is  

 

 

 

 

 

 

 

Figure 5.25 PL intensity and PL-spectrum linewidth as the function of the emission  

wavelength of samples (a’), (d’), (e’), (f’), (g’) and (h’). 

 

Table 5.4 Summary of dot size (height/diameter), height/diameter standard deviation, 

dot density and InxGa1-xAs barrier layers of the grown QDs samples (a’), (d’), (e’),  

(f’), (g’) and (h’).  
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   σh & σd m)        1.17 & 1.09   1.17 & 1.08   1.17 & 1.07   1.17 & 1.08   1.18 & 1.09   1.18 & 1.09 
Density (1010/cm2)          1.0                       1.24                      1.26                   1.25               1.24              1.23 
x of InxGa1-xAs layer      0.53          0.53→0.65    0.53→0.72     0.53→0.8     0.53→0.85     0.53→0.9    
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similar, around 1.2×1010/cm2, but for the reference sample (a’) with square barrier , its 

dot density is lower. With increasing the gradation, y, of In0.53→(0.53+y)Ga0.47→(0.47-y)As 

barriers  barrier height between InAs QDs and In0.53→(0.53+y)Ga0.47→(0.47-y)As barriers 

decreases gradually. The high PL peak intensity of samples (a’), (d’) and (e’), as 

shown in Figure 5.25, is attributed to the InAs QDs being embedded in relatively high 

barriers of In Ga As, In Ga As and In Ga As barriers. 

However, when the g ), the PL peak intensity 

very low magnitude at the gradation of 0.37 for 

sample

Indium/Gallium source flux, i.e. Indium/Gallium content, change during the layer 

growth by MOCVD. So, the content uniform y of the layer is not kept well, thus 

resulting in the nonuniform confinement on the dots and thus broadening the PL 

spectrum linewidth. On the other hand, compa mples (d’) - (g’), sample 

(a’) has the relatively broader linewidth in spit of its higher barrier. The reasons for it 

lie in: (i) less strain of the QDs because of the higher Indium content of the upper 

InGaAs barrier layer and (ii) the larger dot siz  of samples (d’) - (g’). With the higher 

Indium content, lattice constant of the InGaAs cap layer matches better to that of InAs 

QD layer, which suppresses the Indium mixing or segregation between the InAs QDs 

and the InGaAs cap layer [113]. So, the InAs QDs of the samples keep their dot 

height uniformity when they are covered by the graded InGaAs cap layer, thus they 

, the

0.53 0.47 0.53-0.65 0.47-0.35 0.53-0.72 0.47-0.28

radation rises to 0.27 for sample (g’

begins to decrease evidently until 

 (h’). For all the dots, the size dispersion is narrow since the standard deviation 

of the dot’s height and diameter is small as around 1.2 nm and 1.1 nm, respectively. 

Correspondingly, the linewidth of all the samples is < 120 nm as indicated in Figure 

5.25. It is noted that samples (d’), (e’), (f’) and (g’) have comparable narrower 

linewidth, while samples (a’) and (h’) have relatively larger width. In case of (h’), its 

largest gradation, y, of In0.53→(0.53+y)Ga0.47→(0.47-y)As barrier requires the fastest 

it

red with the sa

e 

e
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have na

smaller

less affected by the dot size fluctuation [ 220 , 221 ], which also contributes the 

As shown in Figure 5.24, with the Indium content of the graded 

rrower emission spectra. As listed in Table 5.4, the dot’s lateral size of (a’) is 

 than other samples. Optical transition energies from the larger QDs will be 

narrower PL linewidth of (d’) - (g’). 

In0.53→(0.53+y)Ga0.47→(0.47-y)As layer increased linearly from 0.53 ∼ 0.65 to 0.53 ∼ 0.9, the 

emission wavelength of the QD structure increased as designed. All the emission 

peaks of the InAs QDs embedded in In0.53→(0.53+y)Ga0.47→(0.47-y)As graded barriers red-

shift from that of InAs QDs embedded in lattice matched In0.53Ga0.47As barriers of 

sample (a’). Increasing the gradation, y, of the In0.53→(0.53+y)Ga0.47→(0.47-y)As graded 

barriers of sample (d’) - (h’) from 0.12 to 0.37, the InAs QD structure’s emission 

wavelength shifts by 120 nm, 220 nm, 370 nm, 430 nm and 500 nm, respectively. 

When the gradation of the In0.53→(0.53+y)Ga0.47→(0.47-y)As graded barrier layer, y, 

increases by every 0.01, the emission wavelength of the InAs QD structure red shifts 

about 13.5 nm. When the gradation, y, increases to > 0.27, the 77-K emission 

wavelength of the InAs QDs embedded in In0.53→0.8Ga0.47→0.2As barriers reaches > 2.35 

μm. The longest wavelength reaches around 2.5 μm for sample (h’). This is, to our 

best knowledge, the longest inter-band transition emission wavelength from InAs 

QDs reported so far. However, the PL intensity degrades with the emission 

wavelength increase due to the dot’s barrier height decrease. The study on how to 

enhance the PL performance for these QD structures is required before developing 

them for the QD device applications.  

Emission wavelength of the InAs QDs embedded in strained InxGa1-xAs 

barriers are affected in three ways: (i) Height of the QDs formed. Since the aspect 

ratio, which is defined as the QD height versus its diameter, of the InAs QDs formed 
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in the six samples is very small, ~ 0.18, quantum effect of the QDs is mainly 

determined by their QD height [191, 107]. Table 5.4 shows that the aspect ratio of the 

corresponding uncapped QDs of the samples (a’) - (h’), is almost same, 0.17~0.19. 

The mean dot height of these six samples is also similar, 8.9 nm ~ 9.1 nm. Therefore, 

the measured obvious red-shift of PL peak of samples (d’) – (h’) versus that of sample 

(a’) is not because of the sample’s QD height variation. (ii) The second factor causes 

the sample’s emission peak’s red-shift is its InGaAs barrier layer, as considered in the 

theoretical design. As the conduction band profiles of the six samples shown in Figure 

5.5, confinement potential of carriers in the InAs QD structure is reduced with 

increasing the Indium content of the InxGa1-xAs graded barriers, which lowers the 

transition energy in QDs and decreases cap-layer’s stress on the QDs, thus redshifting 

the dots’ emission wavelength. (iii) The third is partial decomposition of the InxGa1-

xAs cap layer during the MOVPE growth, which effectively increases height of the 

underneath InAs QDs [222,223], thus redshifting the QDs’ PL emission peaks. This 

Indium decomposition from the InxGa1-xAs cap layer growth depends on its Indium 

composition. The higher the Indium content of the InxGa1-xAs cap layer, the larger the 

indium decomposition effect, hence resulting in the larger red-shift of QDs’ emission 

wavelength [223].     

Figure 5.26 shows the calculated emission wavelength as the function of the 

gradation of the InGaAs barrier in the InAs/InGaAs QD structures and the measured 

PL peak position. The theoretical and experimental results match well. It has been 

noted that the calculated peak emission wavelength of the samples systematically 

slightly longer than the experimental results, and the difference between the 

calculated and experimental results becomes smaller when the Indium composition of 

the InGaAs barriers of the QD structure is increased. This systematically longer 
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calculated emission wavelengths are because of the neglected consideration of QD’s 

lateral confinement, which will increase the transition energy and then blueshift the  
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Figure 5.26 Comparison between the experimental measured (samples (d’)-(h’)) and 

the theoretical designed PL peak positions for the InAs QDs embedded in different  

InxGa1-xAs/InP matrixes. 

 

emission peak position as mentioned in Chapter 3. Besides, partially decomposition of 

the InxGa1-xAs cap layer during the MOVPE growth effectively increases height of the 

underneath InAs QDs [

 

 

 

222, 223]. So, the actual capped-QD height is expected to be 

increased compared with the un-capped InAs QDs of the corresponding samples. The 

increased dot’s height will redshift its PL emission wavelength. As a result, QD’s 

emission peak redshift in the calculation would be counteracted when the actual 

capped dot’s height increased due to the decomposition effect. This explains the 

reduction of the difference between the calculated and measured peak positions of the 

sample when the Indium content of the InxGa1-xAs cap layer is increased as shown in 

Figure 5.26. 
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 5.5 S

InAs/InP QD structures based on the barrier/strain technology by using the InGaAs as 

the confinement barrier layer for the InAs QDs. The emission wavelength of the 

designed mid-IR QD structures redshifts with increasing the Indium content of 

InGaAs barrier layers, and can reach > 2.2 µm when the Indium content of InGaAs is 

>0.72 for the square barrier case or the gradation, y, of In0.53-(0.53+y)Ga0.47-(0.47-y)As is 

>0.19 in case of the graded barrier.   

To grow high quality InAs QDs on InGaAs/InP matrix, the QDs two-step 

growth method was optimized, i.e. to replace the slow growth in step-2 growth by the 

atomic layer epitaxy. Growth conditions, including growth rate, temperature and the 

input V/III flux ratio, in step-1 nucleation growth was investigated and optimized in 

QDs formation. After the growth optimization, InAs/InGaAs/InP QDs with very high 

dot density of ∼ 2.5×1010cm-2 and uniform dot size of ∼ 1 nm size-dispersion were 

achieved.   

Based on the designed mid-IR QDs, we grow the mid-IR InAs/InGaAs/InP 

QD structures by MOCVD. The results show he measured PL emission wavelengths 

of the g

The lon

barrier based QD structures by setting the gradation, y, of In0.53-(0.53+y)Ga0.47-(0.47-y)As 

ance for these QD 

structures is required before developing them for the QD device applications. 

ummary 

In this chapter, 8 band k⋅p theory model was used to design the mid-IR 

 t

rown QD structures match well to the theoretically predicted emission peaks. 

gest emission wavelength of >2.35 µm was achieved from the InGaAs graded 

barrier >0.27. The study on how to enhance the PL perform
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CHAPTER 6. INTERMIXING OF InAs/InGaAs/InP QD 

 

Integr

STRUCTURES   

6.1 Introduction 

ation of different optoelectronic devices like semiconductor lasers, high-

speed m ators, amplifiers, low-loss waveguides, photodetectors, etc. onto one chip 

is very important in developing high performance optical communication. To develop 

), controllable large range tailoring of 

materia

I), which can enlarge the energy band gap of the 

QDs m

tion and laser-induced intermixing have sufficient lateral resolution. But, 

the thic

odul

monolithic photonic integrated circuits (MPICs

l energy band gap is important. Post-growth band gap tuning based on the 

material intermixing offers simplicity and flexibility as compared to the epitaxial 

regrowth technique [224] and the selective area epitaxy technique [225]. On the other 

hand, after the research on extending the emission wavelength of QD structures in last 

chapter, it is also significant to carry out the study on the emission wavelength 

shortening of QD structures in this chapter.   

Quantum dot intermixing (QD

aterial by the QDs/barrier material interdiffusion, has attracted a lot of 

researches for post-growth tuning the energy band gap of the QD structures 

[226,227,228,229,230,231]. The reported QDI techniques so far include in-situ 

annealing during QDs growth [226], post-growth rapid thermal annealing (RTA) of 

QDs [227], impurity-free vacancy disordering [228], laser-induced intermixing [229], 

and heavy/light ion implantation for intermixing [230,231]. Among these techniques, 

ion implanta

k cap layer of a QD laser structure limits the effectiveness of laser-induced 

intermixing due to the small light penetration depth [232]. On the other hand, ion-

implantation intermixing can be used for much thicker layer structures by using 
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higher energy ions. However, intermixing effect from heavy ion implantation is 

limited due to the low-density point defects formed [232]; while for light ion 

implantation, implantation energy of ∼ 100 keV is required to obtain sufficient 

intermixing effect [231,232,233].  

Plasma-induced QDI is attractive since i) the low-energy (with hundreds eV) 

ions generated in a plasma chamber minimize the degradation of QD optical quality 

with comparable band gap tuning; ii) short processing time (typically from several 

minutes to 10 minutes); iii) relatively simple and low-cost plasma etch facilities; iv) 

temperature independent of plasma process. Initial plasma-induced intermixing in 

quantum well (QW) structure was done using H2-plasma generated by reactive ion 

etcher (RIE) [234], but this technique was limited in the intermixing. Intermixing in 

QW structures induced by Ar plasma generated in an inductively coupled plasma 

(ICP) RIE system has shown large energy band gap tuning capacity [235,236].  

In this chapter, Argon (Ar) plasma exposure induced intermixing in the QD 

structures was studied. Based on the Ar-plasma exposure, the selective intermixing of 

QD structures across the wafer was investigated. Besides, rapid thermal annealing 

(RTA) is the simplest among the post-growth intermixing techniques, so the thermal 

annealing induced intermixing on the band gap shift of InAs/InGaAs/InP QDs was 

investigated also. 

 

6.2 Thermal annealing induced QD intermixing 

The interdiffusion for InAs/InGaAs QD systems under thermal annealing 

occurs between the group III Indium and Gallium atoms due to the presence of the 

concentration/strain gradient across the interface, as shown in Figure 6.1. After the 

material interdiffusion between InAs QDs and InGaAs barriers in InAs/InGaAs/InP 

 140

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 6. Intermixing of InAs/InGaAs/InP QD structures  

QD  

the transition energy in the QDs layer, t s energy band gap as 

the dot-line curve in Figure 6.1. The interdiffusion thus the energy band gap shift 

Figure 6.1 Schematic diagram for the intermixing upon thermal annealing. 

 

extent is related to the lattice mismatch strain between InAs(QDs) and 

InGaAs(barrier), composition of InGaAs barrier and the annealing temperature, etc. In 

this section, the effects of the graded InGaAs barriers on the energy band gap tuning 

of InAs/InGaAs/InP QD structures upon the thermal annealing are investigated first. 

Then the effects of the top cap thickness and dot-density of the QD structures on the 

thermal-annealing induced band gap shift are also studied.     

To study the QD’s barrier effects on the intermixing, three QDs samples with 

different barrier layers are annealed in the RTP system, which was introduced in 

Chapter 3, at the same time from 500 C to 800 C for 60 seconds. The QD structures 

of the QDs samples are schematically shown in Figure 6.2-(a). The dots for the three 

samples were all grown on the In0.53-0.72Ga0.47-0.28As/InP matrix. So the QD’s density 

and size-distribution of the three samples are the same. The upper barrier InGaAs 

layer thickness is kept at ∼ 35 nm for the three samples. The only difference between 

 structures, the decreased/increased Indium/Gallium content in InAs dots increases

hus blushifting the QD’
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the three samples lies in the composition of upper InGaAs barrier layers, i.e. In0.72-

0.53Ga0.28-0.47As, In0.8-0.53Ga0.2-0.47As and In0.85-0.53Ga0.15-0.47As for sample (i), (ii) and 

(iii), respectively, as shown in Figure 6.2. In Figure 6.2-(b), the peak shift and PL 

peak intensity as to as-grown samples as the function of the annealing temperature are 

summarized. Compared with the as-grown samples, the energy band gaps of the three  

 

 Figure 6.2 (a) Schematic diagram of QD structure for the three QDs samples to be  

thermally annealed at the same time; (b) The PL peak shift and PL intensity change  

with respect, respectively, to that of the as-grown sample have been plotted as the  

function of the annealing temperature for the three QDs samples. 
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samples after the annealing similarly redshift with PL intensity decrease first and then 

start to blueshift with PL intensity increase when the annealing temperature is 

increased to a certain point. This temperature is called as the threshold temperature for 

triggering the blueshift. It is observed that the threshold temperature and the blueshift 

extent are different between the three samples.   

The literatures also reported red-shift at relatively low annealing temperature 

in the GaAs/InGaP multiple QW [237] and InGaAsP/InP single QW structures [238]. 

However, the redshift was attributed to the dominance of group-III sublattice 

intermixing at low annealing temperature. This  sublattice 

intermixing cannot explain our observed results since the InAs QDs are sandwiched 

between In

between the group-III species, the InAs QDs will blueshift since the Indium atom of 

rier interface region due 

to the 

 mechanism based on the

xGa1-xAs barrier layers. No matter what extent intermixing existing  

InAs QDs will be replaced by the Gallium atom from InGaAs barriers after the 

material interdiffusion. So, we believe there is a different mechanism behind for the 

observed band gap redshift in the QD system after annealed at relatively low 

temperature. A plausible explanation is based on the dots’ size micro-increment after 

the interdiffusion between QDs/barriers. In growing the QD structure, it is 

unavoidable to bring with the grown-in defects in the dot/bar

large lattice mismatch between the dots and their barriers [ 239 ]. For 

InGaAs/InAs/InGaAs/InP QD structures studied here, the strain-induced grown-in 

defects are mainly In or As atom vacancies near surface region of the dots [240, 241]. 

Under thermal annealing, the diffusion of each type atom species (group-V or -III) is 

self-diffused through its own sublattice; and the activation energy for atom diffusion 

follows the sequence of In < Ga < As atoms [238, 242 ]. When the annealing 

temperature is low, some In, Ga and As atoms from QDs’ barrier InGaAs will diffuse 
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into the vacancy positions of the dots’ surface region. However, in group III atoms, 

Ga atom has higher activation energy than In atom, so some In vacancies near dots’ 

surface region will be filled by In atom of InGaAs barrier under the limitation of the 

self-diffusion mechanism. Correspondingly, the As vacancy will be filled by As atom 

of InGaAs barrier. As a result, the effective height of dots will increase, thus 

redshifting the PL emission. After calculation, for the studied QDs emitting around 2 

μm, one nanometer increase in dots’ height could generate around 96 nm QD’ 

redshift. So, the received 40 nm d 20 nm redshift for Figure 6.2-(b)-(i)/-(ii) an

(iii) QD samples, respectively, corresponds ent of t

QD’s height. Besides, the faster vacancy diffusion at low temperature than at hi

temperature annealing may also contribute to the redshift. When the anneali

hig hermal energy weakens the activation ener

difference of the atom io tween is recov

the normal In-Ga interdiffusion between the InAs QDs and InGaAs barriers, th

triggering the dots’ band gap normal blueshift. PL intensity becomes low 

emission’s shift region and eases rmal in the blueshift region. This

because under low annealing t erature the  As atom

which are from the InGaAs barriers, leave the new vacancies in the InGaAs barrie

These vacancies act as the nonradiative centers and degrade the PL emission. Af

increasing annealing temperature, the norm l interdiffusion reduces all kinds 

of nonradiative recombination centers in the QD structure, thus increasing the PL 

intensity.  

The observed different band gap shift between the three samples after 

anneali

In(0.53+y the more defects 

 an

h t

n be

incr

emp

d -

he 

gh 

ng 

gy 

ers 
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 is 

s, 

rs. 

ter 

to 0.4 nm and 0.2 nm increm

temperature increases, the 

 diffus Indium and Gallium atoms. Th

 red as no

vacancy fillings of In and

al materia

ng is that the blueshift extent increases with the gradation, y, of dots’ upper 

)-0.53Ga(0.47-y)-0.47As barrier. This is probably attributed to 
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formed in the wider-graded InGaAs barrier layers. For the In0.85-0.53Ga0.15-0.47As 

barrier layer in sample (iii), the Indium composition is changed from 0.85 to 0.53. The 

larger gradation InGaAs need faster source flux adjustment during growing the 

InGaAs layer. More defects are generated in the graded InGaAs layer. These defects 

enhance the intermixing upon the thermal annealing, resulting in larger blueshift. As 

expected, the enhanced intermixing also reduces the threshold temperature for the 

blueshift. The threshold temperature decreases from 700 oC to 620 oC when the 

gradation, y, of the upper In(0.53+y)-0.53Ga(0.47-y)-0.47As barrier increases from 0.19 to 

0.32. Too high annealing temperature, ≥ 800 oC, degrades QDs structural quality and 

hence weakens the PL intensity of QDs samples [243].  

Effects of the top-cap layer thickness and dot-density on the QD intermixing 

have been studied. Two groups of QDs samples have been prepared. Samples (i) and 

(ii) is capped by the InP layer with the thickness of 700 nm and 20 nm, respectively; 

and all other structures are the same. Samples (ii) and (iii) are with different dot 

density; the dot density of the two samples is 1.2×1010/cm2 and 2.5×1010/cm2, 

respectively. The dot mean height of sample (ii) is 9 nm, larger than that of sample (iii) 

with 7 nm. All other layers in QD structures for the two samples are the same. The 

detailed QD structures for these samples are described in Figure 6.3-(a) and -(b). All 

the samples are annealed at the same time for 60 seconds at the temperature of 500 oC 

∼ 800 oC. The PL peak shift and PL peak intensity change trend of the annealed 

samples with respect to the as-grown samples are summarized and plotted as the 

function of annealing temperature in Figure 6.3-(c).  

Figure 6.3-(c) shows the threshold annealing temperature for the blueshift of 

sample (i) is lower by 70 oC compared with that of the sample (ii). Besides, the 

blueshift of (i) is ∼ 90 nm, which is two times of that of (ii) with only 45 nm blueshift, 
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when the two samples are annealed at 800 oC. The thick-InP-capped QDs show 

stronger intermixing upon annealing. For samples (i) and (ii), the dot density is the 

same and the top InP cap thickness is different. During growing the InAs/InGaAs/InP 

 

QD structures, the reactor tem

 

-100
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0
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Figure 6.3 (a) Schematic QD structures, (b) top-view 1μm×1μm AFM images of the  

corresponding uncapped dots, and (c) PL peak shift and intensity change trend as  

regard to the as-grown samples.  

perature was kept at 550 oC for growing the InAs QDs 

layer, top InGaAs barrier and top InP cap. Low reactor temperature for InP cap 

growth will introduce more grown-in defects in the thicker InP cap layer. These 

grown-in defects will engage in the material diffusing upon the thermal annealing, 
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thus enhancing the diffusion extent in the QDs of sample (i) with thicker top InP cap. 

Besides, the thermal expansion coefficient of InP (αInP) is 4.6×10-6 oC-1, and that of 

In0.72-0.53Ga0.28-0.47As (αInGaAs) is around 5.0×10-6 oC-1 after a linear interpolation based 

on the 4.52×10-6 oC-1 and 5.73×10-6 oC-1 of InAs and GaAs material, respectively. 

αInGaAs is 38% larger than αInP, which generates the compressive strain on InGaAs 

during the thermal annealing. Such strain enhances the grown-in defects diffusion 

across the QDs region, thus also promoting the QD intermixing of sample (i).  

Figure 6.3-(c) shows the threshold annealing temperatures for the blueshift of 

sample (iii) is lowered by 90 oC compared with that of the sample (ii). After annealed 

at 800 oC, the band gap shift of sample (iii) reaches 130 nm, which is three times of 

that of 

6.3 Argon plasma enhanced QD intermixing 

ng of InAs/InGaAs/InP QDs has 

been in

sample (ii) with the blueshift of only 45 nm after annealing. However, as in the 

previous reports, larger dots have stronger blueshift effect under the same thermal 

annealing conditions [229, 232]. The received blueshift trend in this study is opposite: 

the smaller sized dots (higher density) have larger blueshift. The possible reason may 

be related to the defect density in the dot/barrier interface and strain distribution in the 

dots for the QDs with different dot density. Further detailed study on this is planned in 

the future research.    

   

6.3.1 Plasma-exposure effect 

In this section, Ar-plasma enhanced intermixi

vestigated. We studied the effects of Ar-plasma exposure time and annealing 

conditions on the QDs’ energy band gap tuning. 

In order to investigate Ar-plasma exposure effects on the QD intermixing, 
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InP/In0.53Ga0.47As/InAs/In0.53Ga0.47As/InP QDs sample was prepared with growing a 

thick, ∼ 700 nm, InP top layer for Ar-plasma exposure. The AFM image of the 

uncapped QDs of the sample is shown in Figure 6.4. The standard deviation of dot’s 

diam ity. Dot 

0.53 0.47 0.53 0.47

plasma exposure for  ∼ 1 tic QD structu nd  

 top-view 1×1 μm2 A  

 

 

 

eter/height is around 1 nm, so the dots formed are with good size uniform
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Figure 6.5 Summarized PL peak position, linewidth and intensity for the samples with  

different Ar-plasma exposure time based on the PL results in Figure 6.4.  
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density of the samples are around 1.0×1010 cm-2. The plasma system used in this work 

has been introduced in Chapter 3. The point defects, which affect QD intermixing, 

will be generated in the surface InP layer in QDs samples after plasma exposure. 

Effects of the intermixing were evaluated by studying the changes in the samples’ PL 

peak position, intensity and linewidth before and after the ICP treatment.   

The QDs sample was exposed to ICP Ar plasma with different time but 

without the RTA treatment. A reference InP/In0.53Ga0.47As/InAs/In0.53Ga0.47As/InP 

QD sam

re. This is different from that of QW structure, where the PL 

emission blueshift occurs only after the subsequent thermal annealing. For the QD 

samples studied in this work, the blueshift of the dots’ PL emission increases with the 

Ar plasma exposure time up to 90 seconds and then saturates. At the same time, the 

with the exposure time up to 90 seconds, and it 

decreas

 rough after exposure to ICP plasma, 

a resul

ple was deposited with 200 nm SiO2 cover layer before the 90-second-ICP 

plasma exposure, so that the sample’s epilayer would not be exposed to the plasma 

during the ICP process. All low-temperature PL spectra were shown in Figure 6.4, 

and the PL property change trend as the function of exposure time is summarized in 

Figure 6.5. It is observed that after the ICP Ar-plasma exposure, PL peak of the 

reference QD sample (The black dot line curve in Figure 6.4) is the same as that of the 

as-grown QD sample. This shows the 200 nm SiO2 mask can effectively prevent the 

epilayer from plasma bombardment. The interesting phenomenon observed is that, for 

samples without the SiO2 mask layer, the PL spectrum exhibits a blueshift right after 

the Ar-plasma exposu

PL intensity of the QDs increases 

es when exposed to Ar plasma longer. This is attributed to the material 

sputtering of the samples during the Ar plasma exposure. Based on the top-view AFM 

images in Figure 6.6, the sample surfaces become

t of surface sputtering during the ICP process. The sputtering rate can be  
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Figure 6.6 (A) Top-view 1×1 μm  AFM images of as-grown (unexposed) and exposed  

0.53 0.47 0.53Ga0.47As/ he surface RMS  

ess and Z-range (based on 5×5 μm2 AFM images) as a function of the  

exposure time. The exposure time changes from 30 s to 210 s. 

 

deduced from the surface roughness and the Z-range measured by AFM after different 

ICP exposure time. The surface RMS (Root-mean-square) roughness and the Z-range 

versus the exposure time are also shown in Figure 6.6. Z-range of the sample 

increases to a maximum of 535 nm with the ICP exposure time increased to 90 

seconds and then decreases when further exposed to plasma. The decrease in the 

sputter

remove e surface. 
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The results show that PL emission of the QD sample blueshifts after sample’s 

exposure to plasma. From our previous study, we have measured the sputtering rate of 

InP material with the same experimental conditions. It is about 100 nm/min, which is 

significantly slower for InGaAs or InGaAsP material. The surface roughness 

measured by AFM in Figure 6.6 indicates the roughening rate (proportional to the 

sputtering rate) of sample’s InP cap layer is around 300-400 nm/min which is higher 

than the sputtering rate received before. This is because the top InP layer of the 

studied QD sample was grown at the relatively low temperature. Therefore, the cap 

layer was removed during ICP process at a higher etching rate. The removal of the 

cap layer explains the increase of the sample’s PL intensity. At the same time, 

because of the removal of the cap layer, the plasma-generated defects at the surface 

are close to the QDs. After sufficient plasma exposure time, some of the defects can 

diffuse into the QDs, thereby inducing the QD/barrier material intermixing under the 

high cation concentration gradient between the QD material (InAs) and its 

surrounding material (InGaAs). These effects contribute to a blueshift of the QDs’ PL 

emission after ICP Ar-plasma exposure. After long time exposure to plasma, the 

whole InP cap layer is removed. The etch rate of InGaAs barrier layer of the 

sputtering is slower. At the same time, the number of defects generated is saturated 

[236]. Therefore, the sample’s PL blueshift saturates after 120 second plasma 

exposure. The reduction of PL intensity after long time plasma exposure shows that 

the thin upper InGaAs barrier layer is insufficient to confine the carriers in the QD, 

and at the same time, some of the QDs may even be removed by the sputtering.  

 

6.3.2 Large band gap tuning 

To study the plasma-exposure effect on the band gap shift extent upon thermal  
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Chapter 6. Intermixing of InAs/InGaAs/InP QD structures  

annealing, we annealed InP/In0.53Ga0.47As/InAs/In0.53Ga0.47As/InP QDs sample at 580  

- 62 s r exposu ma with different time. The 77-K 

PL curves for the samples annealed at 620 oC are shown in Figure 6.7. Changes in the 

sample’s (i) PL peak shift, (ii) FWHM of the PL spectra, and (iii) PL peak em

intens nction ma expo for the ps of samples 

annealed at different temperatures are plotted in Figure 6.8. Thermal annealing effects 

of the as-grown samples, i.e. with plasma exposure for zero second, are also plotted in 

Figure 6.8. As the reference, the PL peak shift, PL linewidth and peak intensity as the 

function of exposure time of the samples after their only plasma exposure are also 

shown in Figure 6.8 based on the PL curves in Figure 6.4. It shows with p a 

exposure of less than 90 seconds, the sample’s PL blueshift and intensity increase 

further after RTA treatment while the FWHM of their PL spectra reduces. The longer 

the plasma en the plasma 

o

0 C for o 60 second  after thei re to plas

ission 

ity, as a fu of the plas sure time  three grou

lasm

 exposure time, the greater these changes received. Wh

2

4
 

Figure 6.7 77-K PL spectra for the QDs samples after Ar-plasma exposure for 30 s ∼  

180 s followed by the RTA at 620 C for 60 s, i.e. an RTA process is added based on  

the plasma-exposed QDs samples as mentioned in Figure 6.4. 
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Figure 6.8 (i) The PL peak wavelength, (ii) the FWHM linewidth, and (iii) the relative  

0.53 0.47

the samples’ emission blueshift saturates and PL 

intensity drops dramatically, while their linewidth becomes broader. For the as-grown 

PL peak intensity of InAs(QD)/In Ga As/InP QDs samples after their ICP plasma  

exposure with different time followed by RTA for 60 s at different temperatures are  

plotted as a function of the Ar-plasma exposure time. Data points for the as-grown  

samples after only RTA treatment are circled for notice. 
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Chapter 6. Intermixing of InAs/InGaAs/InP QD structures  

samples, i.e. without plasma exposure, RTA treatment makes their PL blueshifts and 

emission intensities changes in small range.  

The RTA-treatment enhanced PL blueshift of the samples after Ar-plasma 

exposure less than 90 seconds is due to the larger plasma-generated defect density in 

the interdiffusion between the QDs and their barrier layer during the RTA annealing. 

The increase in the samples’ PL intensity and the narrowing of their PL linewidth is 

because (i) thermal annealing increases the defects’ mobility and homogenizes their 

distribution in the QD structure, thereby homogenizing the intermixing between the 

QDs and their barrier material; (ii) thermal-annealing induced QD/barrier 

interdiffusion enhances the mobility of the atoms in QD structure, hence averaging 

the local compositional/strain fluctuation in the dots [244]. However, if the Ar plasma 

exposure time is too long, over 120 seconds, the plasma sputtering partially removes 

the InGaAs upper barrier layer, which reduces the uniformity of InGaAs upper barrier. 

This causes the nonuniform emission from the QDs and broadens the emission 

linewidth. The reduced barrier confinement from upper InGaAs barrier layer would 

also weaken the PL emission intensity. Similar degradation of the PL emission after 

too long plasma exposure has also been observed in bulk material [245] and QW 

structure [236].  

To investigate the high temperature annealing effect on the QD’s emission 

shift range, we annealed the as-grown InP/In0.53Ga0.47As/InAs/In0.53Ga0.47As/InP QDs 

sample and the sample after ICP Ar-plasma exposure for 90 seconds together at 720 

oC for 60 seconds. To check the maximum band gap tunability of this technology, we 

also an

shows 

when c ple RTA 

nealed the sample at 780 oC after 90-second-ICP plasma exposure. Figure 6.9 

the PL curves of these samples. Very large PL emission blueshift of 394 nm 

ompared with that of the as-grown QDs is obtained from the QD sam
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Figure 6.9 77-K PL spectra for the samples of as-grown, RTA at 720 o

ICP for 90 s followed by RTA at 720 oC/780 oC for 60 s. 

annealed at 780 oC after 90-second plasma exposure. The corresponding energy band 

gap increase of the QD sample after ICP+RTA treatment in this study is 

V. Such band gap tuning range based on low energy Ar-plasm

larger than the reported maximum band gap tuning range of 126 meV [

231], respectively, based on using high energy P-ion and H-ion im

both for the In∼0.55Ga∼0.45As/GaAs QD structures. This comp

C for 60 s, and  

 

ΔEg = 159 

me a exposure is much 

246] and 120 

meV [ plantation 

arison on QD’s band gap 

tuning 

reporte

concentratio

QD structures, with the InAs/In0.53Ga0.47As QD structure studied in this work. In 

addition, it is observed in this study that the PL peak blueshift after Ar-plasma 

exposure followed by thermal annealing at 720 oC is 330 nm larger than that of the 

sample only going through the thermal annealing. This further confirms the Ar-

plasma-exposure generated mobile point defects in the sample play a great role in 

1500 1650 1800 1950 2100

0

1

2

3

4
ICP/90s +RTA/780oC

ICP/90s +RTA/720oC

 

 

 P
L 

in
te

ns
ity

Wavelength (nm)

As grown

RTA/720oC

capacity between the different intermixing technologies is sound since the 

d In∼0.55Ga∼0.45As/GaAs QD structures have a comparable group-III atom 

n gradient, which mainly determines the intermixing degree in terms of 

 155

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 6. Intermixing of InAs/InGaAs/InP QD structures  

further widening the QD’s energy band gap during the thermal process afterwards. 

Compared with that of the as-grown sample, the PL intensity and linewidth of the QD 

sample

6.4 Selective intermixing 

 In0.53Ga0.47As upper barrier layer 

and finally capped with a 700 nm

a a

After the Ar plasma exposure, the samples were annealed in a RTA chamber with 

 after 90-second-ICP followed by RTA at 720 oC ∼ 780 oC increases by ∼ 2.5 

times and narrows by ∼ 46%, respectively. 

 

A post-growth multi-band gap tuning technique for QD structures is important 

for monolithic photonic integration of passive and active QD based multifunctional 

optoelectronic devices. Different band engineering technologies of spatial selective 

intermixing for the QD structures across a wafer, including titanium-dioxide (TiO2) 

interdiffusion-suppression [228], laser radiation [229], neutral ion-implantation [246] 

and silica-sputtering [247], etc, have been investigated. In this part, based on the Ar-

plasma enhanced intermixing in tuning the QDs’ energy band gap, spatial selectivity 

of the intermixing by employing a SiO2 mask on the wafers during the intermixing 

has been investigated in detail for the InAs/InGaAs/InP QD structures. 

The InP/In0.53Ga0.47As/InAs/In0.53Ga0.47As/InP QD structures were used for 

this study. The InAs QDs were covered by a 50 nm

 InP cap layer. The intermixing of the QDs samples 

was carried out by exposing them to Ar plasm  and followed by therm l annealing. 

To investigate the spatial selectivity of the intermixing, as shown in Figure 6.10, 

portion of the sample was deposited with a 200-nm SiO2 mask layer by plasma 

enhanced chemical vapor deposition (PECVD). Then, the samples were exposed to 

ICP Ar plasma in an ICP chamber. The ICP/RF power, Ar gas flow rate inside the 

chamber and the process pressure settings in this experiment are the same as before. 
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Argon plasma exposure 
(Exposure time effect) 

Thermal annealing 
(Temperature effect) 

Figure 6.10 Process flow in the selective intermixing study for InAs/InGaAs/InP QDs  

structure.  
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 the QD samples after the intermixing was investigated by using PL measurement.  
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First, we studied the PL results between two groups of samples after exposed 

to the ICP Ar-plasma for different time and followed by RTA anneal at 620 oC for 60 

seconds. Samples (i) are not masked by the SiO2 layer during the plasma exposure 

and (ii) are covered with the SiO2-mask layer. The 77-K PL spectra of group (i) 

samples have been shown in Figure 6.7, and that of group (ii) are not shown since 

there is almost no change in the PL curves of the samples in this group. The (i)/(ii)-

samples’ peak emission blue shift and linewidth as a function of the Ar plasma 

exposure tim duri  the intermixing are summarized in Figure 6.11-(a) and Figure 

6.11-(b), respectively. Large blue shift of the peak emission has been observed from 

the samples without the SiO2 mas  after the intermixing, while that for the samples 

covered by the SiO2 mask during the plasma exposure is very limited. Moreover, the 

blue shift does not change with the plasma exposure time after the RTA annealing; 

and the blue shift is the same as that of the sample only going through the RTA 

annealing without the plasma exposure. This further confirms that the 200-nm SiO2  
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Figure 6.11 (a) PL peak blue shifts and (b) ratio of PL

masked sample and (ii) masked sample as a function of the Ar plas

during the intermixing for samples. All the samples were annealed at 62

e

 spectra FWHM of the (i) un- 
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mask layer effectively blocks off the Ar plasma exposure to the sample. So, the PL 

blue shift of the SiO2 masked sample after intermixing is only because of the RTA 

thermal anneal. The difference of blue shift (or spatial selectivity of th

n the un-masked and masked samples’ emission peaks can be continuously 

tuned from 0 to 200 nm through the intermixing by increasing the plasma-exposure 

time from 0 to 90 seconds followed by thermal annealing at 620 oC.  

To study the temperature dependence of the selective intermixing, samples 

(SiO2 masked and un-masked) were annealed at different temperatures ranging from 

580 ∼ 780 oC after exposed to the ICP Ar plasma for 90 seconds. Figure 6.12 shows 

the PL spectra of (iii) un-masked samples, (iv) SiO  masked samples annealed at 

different temperatures in the intermixing. For reference, we removed one sample’s 

(sample (v)) SiO  mask after the ICP plasma exposure and RTA annealed it together 
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with sample (iii) and (iv). Figure 6.12-(v) ple (v) 

annealed at different tempera hows the b  

em fter going th

interm lts show that or sample 

(iii), large b ixing, while eak 

intensi a sure up to 

ge the InAs QDs’ crystal 

 

 

for 90 s followed by RTA for 60 s and annealed at different temperatures: A: 580  

C, B: 620 C, C: 650 C, D: 680 C, E: 720 C, F: 750 C and G: 780 C. 

2

shows the PL spectra of the sam

tures. Figure 6.13 s lue shifts of the PL
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ave been receive rm

ty i ses and the linewidth dec ith the ICP Ar plasm
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quality up to 90 seconds plasma exposure.  

 

 

pl rough the 

 f

lue shifts h d after the inte  its PL p

ncrea reases w  expo

It is noticed that for the un-masked sample (iii), the sample’s PL peak blue 
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However, for the SiO2 masked sample (iv), the PL peak blue shift increases slowly

 

 

 

 

 

 

 

 

 

Figure 6.12 77-K PL spectra of the (iii) un-masked, (iv) masked and (v) mask  
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Figure 6.13 (A) PL peak blue shifts and (B) ratio of PL spectra FWHM of the (iii) un- 
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Chapter 6. Intermixing of InAs/InGaAs/InP QD structures  

which is good for device fabrications. Too high annealing temperature, > 800 oC, will 

degrades the 3-dimentional carriers’ confinement of the QD structures and even 

destroy the highly-strained QDs [247, 248].  

As shown in Figure 6.13, for the reference sample (v) with SiO2 mask layer 

removed from the top, its PL peak blue shift after the annealing induced intermixing 

increases almost linearly with the annealing temperature, while for sample (iv) with 

the SiO2 on top during the RTA annealing, the blue shift increases much faster when 

annealed at the temperature above 650 oC. This is attributed to the strain generated 

betwee

InP cap layer during the thermal anneal. This ermal strain leads to the generation of 

the group III vacancies in the sublattices of InP [249]. At the same time, the diffusion 

of the defects into the InAs QDs is enhanced by the strain, which promotes the QD 

intermixing of the sample as the ann ed [228].  

Figure 6.13-(A) shows when the samples are annealed in the temperature 

range from 675 o  72 during the intermixing, three different band gap tunings 

across a wafer can be obtained by adding the SiO -mask removal between plasma 

exposure and th l annealing steps in th fferent blue shift 

between un-masked (iii) and masked (iv) and m removed (v) samples reaches as 

wide as around 50 nm (∼20 meV) at annealing temperature of 700 oC in the 

intermixing. The diffe etween the un-masked sample (iii) 

and ma

sample

the multiple band gap changes across a wafer through the intermixing. This is 

n the SiO2 mask and the InP cap layer of the sample during the thermal 

annealing. Since the thermal expansion coefficient of InP (∼4.6×10-6 oC-1) is more 

than 8 times larger than that for SiO2  (∼0.52×10-6 oC-1), large strain is generated in the 

th

ealing temperature is increas

5 oC C to

erma

2

e intermixing. The di

ask 

rence in the intermixing b

sked sample (iv) or between the masked sample (iv) and masked removed 

 (v) can be modulated by changing the annealing temperature, which achieves 
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important in realizing multi-functional monolithic integration circuits, which 

generally requires different energy band gaps across a wafer for different function 

devices, e.g. the emitter, modulator and detectors, etc. Besides, in the multi-emission 

tuning region, the PL linewidths for the sam n  are all smaller than 

that of their as-grown samples. This shows the uniformity of composition/strain in the 

dots is improved, which advantages improving the spatial resolution across sample’s 

adjacent regions under different intermixing treatments. Moreover, the spatial 

resolution in the intermixed QDs is also dependent on the lateral diffusion 

distance/uniformity of the point a conditions (plasma 

energy,

mask c

systematic study in future.        

 

ples (iii), (iv) a d (v)

defects induced by the plasm

 density and time), annealing conditions (annealing temperature and time), and 

onditions (SiO2 film thickness and uniformity), etc. This needs further 

6.5 Summary 

In this chapter, thermal annealing on QDs’ energy band gap tuning was 

studied. It was observed that annealing at low temperature induces the redshift which 

is attributed to the dots size micro-increase. The grown-in defects in the upper barrier 

or top cap, and the high dot-density both enhance the intermixing in the QD structures 

upon thermal annealing.   

The Ar-plasma exposure on QDs’ energy band gap tuning was investigated. It 

was found that the dots’ band gap could be tuned in an obviously larger range by 

exposing the sample to Ar-plasma before the thermal annealing compared with by 

using the thermal annealing only. The enhanced QD intermixing is attributed to the 

point defects generated near sample’s surface region after its exposure to the plasma.  
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 163

elective intermixing, multi-wavelengths 

across 

By combining the plasma exposure and SiO2 mask techniques, the spatial 

selective intermixing has been obtained through controlling the plasma exposure time 

or the annealing temperature. Based on the s

one wafer with 50-nm wavelength separation were achieved.  
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CHAPTER 7. CONCLUSIONS 

 

7.1 Conclusions 

this project. Improvement of QDs formation under the safer growth conditions have 

investigated the post-growth QDs’ band gap tuning based on Ar-plasma exposure. 

InAs/InGaAs/InP QDs grown by safety-improved MOCVD were 

method. Compared with the dots grow

In conclusion, MOCVD growth of mid-IR QDs has been studied in detail in 

been made. We have designed, grown and characterized mid-IR QD structures, and 

The major conclusions are listed below. 

(i) Improved QDs’ dot-density and size-uniformity of InAs/GaAs and 

demonstrated by using the proposed and optimized two-step QDs growth 

n by conventional SK growth method, 

two-step grown QDs have much higher dot-density (∼2.5×1010cm-2) and 

 size dispersion (∼1 nm).  

(ii) 

 content of InGaAs barriers.  

(iii)

 

develop InAs QDs for mid-IR device applications.  

narrower dot

8 band k⋅p theory was used to design mid-IR emissive InAs/InP QD structures 

based on the strain/barrier technologies by using InGaAs as the QDs’ 

confinement layers. Based on the transition energy calculation, the emission 

wavelength of InAs/InGaAs/InP QD structures can reach >2.2 μm by 

adjusting the Indium

 Mid-IR InAs/InGaAs/InP QD structures have been grown by MOCVD. The 

measured emission wavelengths from the grown QDs match well to the 

theoretical results. Long emission wavelength received from the QD structures 

reaches > 2.35 μm at 77 K, which is the longest inter-band transition emission 

wavelength from InAs QDs reported so far. This shows it promising to
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(iv)

rmixing with 50-

 separation multi-wavelengths across one wafer has been achieved. This 

paves a new way to realize multi-functional monolithic integration circuits 

which needs different energy band gaps across a wafer for different function 

active/passive devices. 

 

7.2 Recommendations 

The recommendations for future research are summarized as the following: 

(i) The two-step growth we proposed involves the atomic-level layer deposition. 

How to control accurately the atomic-layer deposition for reducing the grown-

in defects, such as the Indium droplets, in the QDs is crucial for improving the 

dots’ crystal quality and then their PL performance. PL performance 

enhancement also relies on the improvement in the composition-uniformity 

and crystal quality of dot’s cap layer growths. Besides, understanding of PL 

emission characteristics of the QD structures with different dots’ 

morphologies are also important before developing the dots for practical 

devices applications. All these leave much research space further.  

(ii) For mid-IR QDs’ application in optoelectronic devices, it’s important to select 

the barrier material which well confines the carriers of QDs layer and also 

exerts smaller lattice mismatch stress on the dots for keeping the long 

wavelength emission. In this point, for InAs/InP QD system, AlGaAsSb with 

high energy band gap and large lattice constant is promising if used as the 

  Ar-plasma enhanced QD intermixing for wider energy band gap tuning for 

QD structures has been investigated. The QD intermixing is enhanced greatly 

after employing the plasma exposure before thermal annealing. By combining 

plasma exposure and SiO2 mask techniques, the selective inte

nm

 165

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 7. Conclusions  

 166

InAs QDs’ t  grow high crystal 

quality of AlGaAsSb material so far. On the other hand, to narrow the band 

InAs with InAsN or InAsBi or even 

InAsNBi, is also promising for realizing the mid-IR emissive QDs. The 

semiconductor alloys. So, material growth with high quality for these alloys 

leaves the research space in future. Besides, research on the stacking technique 

ormance is significant for developing 

the QDs for high performance device applications.  

promising and also challenging to develop Ar-plasma exposure post-growth 

intermixing technology for QDs band gap tuning across a wafer. Two research 

topics are expected to become more and more interesting in ches: 

controllable large-range multi-bandgap tuning technique across a wafer based 

on the plasma exposure, and development of multifunctional integrated 

circuits based on QDs active/passive components.  

(iv)  Finally, for better understanding QDs’ electronic structures, further study on 

theoretical calculation of QDs’ energy band structure with considering the 

accurate dots’ shape/size and the strain distribution in QDs and dots’ barrier-

layers by 8 band k p theory is significant. This is because the dots reported so 

far are different in the shapes/sizes, which affects the stain distribution in QDs 

and dots’ barrier-layers, thus affecting the dots’ electronic structures.          

op-barrier layers. However, it is a challenge to

gap of QD material, such as replacing 

similar challenge till now is also to grow high quality QDs using these new 

for increasing the dots’ PL emission perf

(iii) To realize multifunctional integrated circuits based on the QDs, it is 

 future resear
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