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Abstract 
The monolithic integration of high-performance III-V QD lasers on Si substrates 

has been considered as a promising way to develop the on-chip optical sources, 

featuring on the outstanding advantages of low cost, high-energy efficiency and 

high temperature stability. In this thesis, the realization of electrically pumped 1.3 

µm QD laser directly grown on complementary metal-oxide-semiconductor 

(CMOS) compatible Si (001) substrate with different approaches has been 

demonstrated.  

First, to optimize the QD active region, we investigated the effect of various 

growth conditions, such as temperature, growth rate, and V/III ratio, on the quality 

of epitaxial layer, and achieved high-quality QD layers with QD density of over 

5.9×1010 cm-2 and photoluminescence linewidth of 30 meV.  

With the antiphase boundary (APB) free GaAs/Si virtual substrate grown by 

metal-organic chemical vapour deposition (MOCVD), a high-performance 1.3 µm 

InAs/GaAs QD laser with optimized III-As buffer layer has been demonstrated, 

producing a threshold current density as low as 160 Acm-2 under continuous-

wave mode.  

In addition, a novel method for achieving APB free III-V materials on CMOS 

compatible Si (001) platform by only MBE system is demonstrated. APB-free 

GaAs grown on on-axis Si substrate has been achieved within 1 µm buffer layer 

by employing an annealed 200 nm Si buffer layer on Si substrate with periodic 

single atomic height Si steps and an optimized III-V buffer growth method. A high 

performance 1.3 µm InAs/GaAs QD laser with low threshold of 83.3 Acm-2 and 

maximum operation temperature of 120 °C under pulse operation has been 

successfully demonstrated upon on-axis Si (001) substrate.  

These works significantly improved the property of InAs/GaAs QDs and simplified 

the growth requirement for high quality QD lasers monolithically integrated on Si, 

providing major breakthrough towards the Si-based photonics integrated circuits. 



4 

 

Impact Statement 
The research in this thesis focuses on the demonstration of III-V quantum dot 

(QD) lasers monolithically integrated on complementary metal-oxide-

semiconductor (CMOS) compatible Si (001) substrates, which have been widely 

considered as a crucial concept of on-chip light source for Si photonics. Si 

photonics is a promising approach towards the achievement of optical 

interconnections. The very-large-scale-integration on Si photonics enables to 

integrate both photonic devices and electronic devices on a single chip, driving 

low-cost and large-scale advantages on manufacturing. Utilising resources of 

well-established Si microelectronics industry, it is possible to integrate multi-

functional photonics devices on a single chip.  

The research in this thesis would have a significant impact on the monolithic 

integration of Si photonics. The realization of high performance QDs presents 

outstanding advantages on high energy efficiency, high temperature stability and 

high durability. In addition, a repeatable, all molecular beam epitaxy (MBE) grown 

antiphase boundary (APB) free GaAs layer on CMOS-compatible Si substrate by 

utilizing the periodicity of single atomic height Si steps has been demonstrated. 

The novel growth method simplifies the direct epitaxy of high-quality III-V 

materials on CMOS-compatible Si substrate, realizing the potential reduction on 

the manufacturing cost. Moreover, the well-developed high-performance QD 

lasers show features of low threshold and high temperature stability, presenting 

the potential as the on-chip light source for Si photonics.  

These results present the feasibility for III-V QD light emitting devices monolithic 

integrated on CMOS-compatible Si (001) substrate, providing major 

breakthrough towards the Si-based photonics integrated circuits. By taking the 

advantages of mature CMOS industry, merging outstanding methods of high 

quality III-V material on CMOS-compatible Si (001) substrate with high 

performance III-V QD laser structures could certainly improve the industrialization 
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for monolithic integration of Si photonics in the future. It can be considered that 

the outputs in this thesis will have a real significance on the development of III-V 

integration with CMOS technique and Si-based photonics integrated circuits. 
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Chapter 1  
 

Introduction 
 

 

1.1. Si Photonics 

1.1.1. History of Si Microelectronics 

In the past decades, extraordinary development has been achieved in the Si-

based microelectronics industry, realizing exponential improvement on device 

performance, scale, and efficiency. According to the Moore’s Law, proposed by 

semiconductor pioneer Gordon Moore in 1965, the number of transistors on a 

single Si chip will be doubled every 18-24 months [1]. Indeed, as shown in Figure 

1.1, the number of transistors on Intel processors versus the production time is 

basically in line with the prediction of Moore’s Law [2]. In the last fifty years, the 

density of transistors integrated on a single chip has also been grown from a few 

100 per mm2 to approximate 90 million per mm2 in the recent Intel’s 10 nm node 

and Taiwan Semiconductor Manufacturing Company (TSMC)’s 7 nm node 

technologies [3]. Both Intel and TSMC, which are the leading semiconductor 

foundries over the world, are currently targeting at exceeding 150 million 
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transistors per mm2 [4]. During the continuous downscaling of transistors, a huge 

Si-based microelectronics industrial chain has been successfully developed to 

satisfy a massive manufacturing of tens of millions of 300 mm Si wafers every 

year, together with the fabrication of all related components. Besides, the 

comprehensive industrial chain and unprecedented development on yield make 

the price of defect-free Si wafer down to a price of ~ $1 per cm2. This 

extraordinary commercial development on the upstream and downstream of Si-

based microelectronics industry has brought the Digital Revolution (also known 

as the Third Industry Revolution) of human society to a great extent [5].  

 

Figure 1.1 Intel’s progress on number of transistors per chip from 1971 to 2015 [2]. 

 

1.1.2. Emergence of Si Photonics 

By looking back at the fifty-year development on the $100 billion Si industry, all 

the microprocessors aim to transmit more data in a faster speed with smaller 
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components [6]. To achieve this goal, critical issues, which were initially 

considered as impossible, have been successfully overcome by many genius 

ways. For example, the complementary metal-oxide-semiconductor (CMOS) 

technology was designed to unblock the materials limitation on Si. In addition, the 

issue of diffraction limitation on photolithography was also solved by successful 

development of advanced deep ultraviolet (DUV) and extreme ultraviolet (EUV) 

light source [7].  

Despite these advances, however, another critical issue on modern integrated 

circuit (IC) technique has emerged: the physical limitation on copper 

interconnections [8, 9]. This issue limited the transmission bandwidth, the data 

density and energy efficiency in long distance, demanding a new choice which 

can replace conventional electronics. One promising solution is to integrate 

electronics and photonics into a single platform by using existing CMOS 

technology. Unlike the electronics using electrical signals, photonics transmits the 

data through the optical signal. The photonics technology has advantages, such 

as low loss, high bandwidth, and high data rate, for the application in 

communication systems. However, in stark contrast to the Si-based electronics 

that has maturity on the streamlined fabrication to integrate billions of units into a 

single platform, the photonic devices usually are discrete components that need 

a serial fabrication. In order to address this limitation, Si photonics have been 

proposed, which takes the advantages of both CMOS manufacturing process and 

the superior property of photonics [10]. It has been recognised as a key approach 

to achieve optical interconnection in the next generation communication system.  

The researches on Si photonics were initially recognised in 1980s. Abstreiter 

originally proposed the definition of Si-based optoelectronics integrated circuit 

(OEIC) ‘superchip’, which was later modified by Soref (shown in Figure 1.2) using 

optical waveguide in Si-on-insulator (SOI) [11, 12]. After a couple of years 

development, the commercialization was started in 1989 by Bookham 

Technology Ltd [13]. Initially, the commercialization was focused on the sensor 
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applications, but the interests turned shortly to the wavelength division-

multiplexing (WDM) telecommunication that required low-cost integration of high 

data rate chip. The extensive research effort was made after 2000s, eventually 

leading to the significant achievements in recent years [14]. With the realization 

of various optical components on SOI platform such as Si/Ge-based modulator 

and photodetector as well as Si waveguide, commercial products using Si 

photonics technologies, such as 100Gb/s transceiver for data centre and high-

speed computing, were successfully demonstrated by some leading companies, 

Luxtera, Kotura and Acacia [13]. These products achieved a high data rate with 

a compact size package and acceptable cost, taking the first step towards the full 

integration of Si photonics. However, due to the increasing competition with 

conventional electrical and multi-mode-fibre interconnects which cost only 

$1/Gbps, achieving dense integration, low-cost manufacture and high reliability 

is desired for the further advance of Si photonics products.  

 

Figure 1.2 Si-based optoelectronics integrated ‘superchip’ designed in 1980s [11]. 

 

1.1.3. Challenges of Si Photonics 

As a dominant semiconductor material for electronics, Si presents not only 

commercial advantages, but also fabulous electrical and thermal properties. For 
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the integration in photonics, Si platform benefits from its native dielectric, SiO2, 

which is capable of achieving designated refractive index contrast and high-

quality interface. Therefore, the SOI platform, consisting of Si and its dielectric, 

enables the waveguides to offer strong optical confinement that covers a wide 

range of wavelengths between ultraviolet and infrared. These advantages make 

Si photonics become a promising approach, meeting the future demands through 

optical interconnections. The existing mature Si-based fabrication techniques 

make Si photonics become compatible to current IC technology [15]. The very-

large-scale-integration on Si photonics enables to integrate both photonic devices 

and electronic devices on a single chip, driving low-cost and large-scale 

advantages on manufacturing. Utilising resources of well-established Si 

microelectronics industry, a large number of devices with different functions can 

be integrated on a single chip. For Si photonics, the integration is not limited to 

group IV-based devices. The distinct optical properties of III-V semiconductor 

materials make them attractive choices for optical emitters for Si photonics [16]. 

Integrating group IV and group III-V-based devices on Si platforms enables the 

utilisation of the advantages of both groups of semiconductors, making Si 

photonics an attractive research interest in the past decades. The deployment of 

Si photonics can be a solution to rapidly growing demand of data traffic by 

establishing high-capacity and high-speed networks. The realization of Si 

photonics required to establish a method to integrate required components such 

as lasers, modulators, photodetectors. To date, the high-performance waveguide, 

modulator and photodetector for Si photonics are available for the commercial 

mass production. However, the realization of on-chip light source with high 

reliability and efficiency is still challengeable, which has become one of the main 

challenges for Si photonics [17-19].  

Nevertheless, bulk Si and Ge have indirect bandgap, leading to a poor light-

emitting efficiency. For an indirect bandgap, due to the difference in the 

momentum between the lowest energy state in conduction band and the highest 
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energy state in valence band, the recombination process involves phonons, 

leading to a low possibility for radiative recombination. This issue means the 

monolithic integration of light source on Si platform cannot be achieved in 

conventional ways. The early works was trying to modify the structure of Si to 

make it emit light. Extensive studies have been performed for group IV materials 

to achieve light emitting devices and shown impressive results. Rong. et al 

reported an all-Si Raman laser in 2005 [20]. By applying tensile strain and N-type 

doping, Liu. et al, in 2007, demonstrated that Ge can act as a gain medium of 

laser devices [21]. Moreover, Aguilera. et al reported an electrically pumped Ge 

laser in 2012 [22]. In addition, there were some studies on Ge alloys, such as 

GeSn, in recent year. However, no electrically pumped GeSn laser operating at 

room temperature has been reported to date [23]. Although extraordinary 

achievements have been announced for the researches of group IV lasers, their 

performances are still not capable for the practical applications, making the state-

of-the-art group IV-based light emitting device are not suitable for the on-chip 

optical source of Si photonics. 

In contrast to the inherent limitation of low light emitting efficiency for group IV 

materials, group III-V materials with direct bandgap usually provides superior 

property on emitting light. Therefore, integrating high-performance III-V laser on 

Si platform has attracted extensive research interests in recent year and become 

ideal option for the light source of Si photonics. Nowadays, for the integration of 

III-V laser on Si, there are mainly two methods studied by numbers of researchers. 

The first is the heterogenous integration which usually refers to the bonding of III-

V material on Si or SOI substrate. Another is the monolithic integration which 

requires to do heteroepitaxy of III-V materials on Si or SOI substrate. Among 

these two methods, heterogenous integration method was firstly developed in 

2006 [24]. As shown in Figure 1.3, the III-V laser is transferred on an SOI 

substrate, realizing the light field vertically coupled from III-V active region into 

the designated Si waveguide. This method could simplify the packaging process 
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and utilise photolithography to etch a waveguide to solve the complexity in 

conventional alignment.  

 

Figure 1.3 Schematic diagram for the heterogenous integration of III-V laser on Si 

substrate [24].   

Although heterogenous integration provide a possible solution for the alignment 

and save a procedure of packaging III-V devices, comparing with monolithic 

integration through direct epitaxy on Si substrate, there are still some issues hard 

to be solved. Nowadays, much smaller foot print, lower power consumption, 

higher integration density and lower cost can be considered as the main drivers 

of Si photonics. For monolithic integration, homoepitaxy on III-V native substrates 

could be avoid, which is more expensive than Si substrates in order of magnitude. 

In principle, the overall cost will be 50% lower if the waste on III-V substrate could 

be eliminated [25]. In addition, the scale of Si substrate is larger than III-V 

substrate, resulting the advantage on scalability. Moreover, the yield of bonding 

technology is also another concern, which may cause further increasement on 

the cost. In contrast, monolithic integration through heteroepitaxy does not have 

the critical issues discussed above. Driving by the advantages on low cost, large 

scale and streamlined fabrication, monolithic integration is more attractive as a 

promising technology for achieving on-chip light source of Si photonics [26]. 

In order to address all the benefits of monolithic integration, the challenges faced 

by heteroepitaxy on Si need to be overcome. There are three main critical issues 
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for the direct growth of III-V materials on Si [27]. First, for the III-V materials which 

has different lattice constant with Si, under unoptimized growth condition, high 

density (usually around 109-1010 cm-2) of dislocations will be generated when 

doing the epitaxy. Second, the polarity difference between III-V materials and Si 

will cause antiphase boundary (APB) which could severely degrade the crystal 

quality. The third issue is the thermal crack caused by different thermal expansion 

coefficient, which limited the overall thickness of III-V epilayer. These existing 

defects could be the nonradiative centre which severely degrade the performance 

of optical devices. Therefore, the utilising of proper active region with high defect 

tolerance become necessary for the realization of monolithic integration of light 

source for Si photonics. Compared with conventional quantum well (QW) active 

region, the particle-in-box like quantum confined structure of quantum dot (QD) 

brings the advantages of low threshold, high thermal reliability, and high defect 

tolerance. These superior properties make QD laser monolithically integrated on 

Si recognize as an ideal choice on-chip light source of Si photonics, attracting 

extensive research interests in recent years. 

 

1.2. III-V Semiconductor Materials 

1.2.1. Overview of Semiconductor Materials 

1.2.1.1. Crystal Structure 

Usually, semiconductor materials in solid state can be classified into three main 

types: single crystalline, amorphous and polycrystalline. Their difference can be 

distinguished by the range of crystalline order, which is more fundamentally 

corresponding to the length scale over which the atoms are related to one another 

by translational symmetry [28]. For an amorphous material, its atomic 

arrangement only has short range of order which is usually one or two atom 

spacings. For a polycrystalline material, it usually has different individually grains, 

which are in different scale and orientation. Each grain can be considered as a 
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single crystal, but without clear relationship between others. Their interface is 

usually called grain boundary. Although polycrystalline materials have long range 

order in each grain, on the infinite length scale, it does not have periodicity in the 

whole volume. In contrast, a crystalline material has periodic atomic structure in 

an infinite length scale with no grain boundary, usually realizing better electronic 

property than others. It is due to the grain boundary may cause the degradation 

on electronic properties and heat dispersion. In this thesis, the crystalline 

materials are focused. If without specification, all the substrates or samples 

discussed in the research are single crystal.  

For the crystal structure of semiconductor materials, the most common types are 

diamond structure, zincblende structure and wurtzite structure. The wurtzite 

structure has hexagonal symmetry and it is the basic structure of III-nitride 

materials, such as GaN. Semiconductors with pure element usually have 

diamond structure such as group IV materials (Si and Ge). For zincblende 

structure, it is common for the binary, ternary and quaternary compound III-V 

materials. In this thesis, researches are focused on III-Arsenic materials 

integrated on Si platform, so that materials with wurtzite structure are not included. 

The ball-and-stick models of diamond and zincblende structures are shown in 

Figure 1.4. Both these two crystal structures have tetrahedral phase, in which 

each atom is surrounded and covalently bonded with four neighbouring atoms 

and forming a tetrahedron. In addition, they can be considered as being 

comprised of two interpenetrating face-centred-cubic lattices. For the 

semiconductor materials in diamond structure, such as Si, all the atoms are 

identical. In contrast, for binary compound semiconductor GaAs in zincblende 

structure, the lattice consists of two sublattice (one gallium sublattice and one 

arsenic sublattice). 
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Figure 1.4 Ball-and-stick model of (a) diamond structure [29]; (b) zincblende structure 

[30].  

 

1.2.1.2. Band Structure 

For an isolated atom, the electrons are in quantized and occupy discrete energy 

states. However, in the concept of crystal, which has atoms organized in an 

infinite length scale, the electrons of the atom could interact with the surrounding 

atoms. As a result, the energy band of crystalline semiconductor is split and can 

be considered as a concentration of energy states of electrons from all the 

surrounding atoms. As the number of atoms in bulk crystal is in a huge amount, 

the energy band can be considered as continuous states that consisted of closely 

spaced energy states. For a semiconductor material, there is a forbidden range 

for energy in its energy band, leaving the energy states allowed to exist above or 

below the gap. The lower band occupied by valence electrons is called valence 

band, and the upper band occupied by free electrons is called conduction band. 

The forbidden range between these two bands is the energy bandgap, which is 

most important parameter for semiconductor materials. At the temperature of 0 

K, the valance band will be completely filled and conduction band will be 

completely empty, leaving the semiconductor with no conductivity. With 

increasing temperature, due to thermodynamics, the electrons in valence band 

could have possibility to jump over the energy bandgap, and they become free 

electrons in conduction band, providing intrinsic conductivity of the 
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semiconductor material. The band structure of semiconductor materials can be 

divided into two types, the indirect bandgap semiconductor and the direct 

bandgap semiconductor. The distinguishment of indirect and direct 

semiconductors is highly dependent on the energy-momentum (E-k) relationship, 

in which k is a wave function vector representing the momentum of electrons in 

reciprocal space. For E-k relationship of both diamond and zincblende structures, 

when k= (0,0,0), it is called Γ-valley, when k= (1,0,0), it is called X-valley, and 

when k= (1,1,1), it is called the L-valley. As shown in Figure 1.5, the energy band 

diagrams of Si (indirect bandgap) and GaAs (direct bandgap) are presented. For 

indirect bandgap semiconductor such as Si, the minimum of its conduction band 

and the maximum of its valence band are not fitted with the same wave vector of 

k. In contrast, for the direct bandgap semiconductor such as GaAs, the minimum 

of conduction band and the maximum of valence band are along the same wave 

vector of k= (0,0,0) in the Γ-valley.  

 

Figure 1.5 Band structure of (a) Si and (b) GaAs, where 𝐸𝑔 represents the bandgap, 𝐸𝐶 

is the conduction band and 𝐸𝑉 is the valance band [31]. 
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1.2.1.3. III-V Compound Semiconductors 

Compound semiconductor materials have been widely used in larger aspects of 

our daily life. Figure 1.6 shows a diagram of different groups of semiconductor 

materials including group IV, group III-V and group II-VI. The lines between 

different materials mean the possibility of growing corresponding alloys. Among 

all these semiconductor materials, most of the group III-V materials are direct 

bandgap. In contrast, the commonly used group IV materials like Si and Ge are 

indirect bandgap. In addition, although group II-VI materials also have direct 

bandgap and usually present wide energy band gap which can cover the range 

from visible light to ultraviolet (UV), III-Nitride materials which offer comparable 

bandgap energy, as well as the high thermal stability, great electrical/optical 

properties and less toxicity, become more suitable for the optoelectronics devices 

compared to group II-VI materials. These advantages of either superior optical or 

electrical properties compared to other group materials drive the demand of 

producing high-efficiency III-V optical source.  

 

Figure 1.6 Diagram of different semiconductor materials including their lattice constant 

and bandgap energy [32]. 
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For most of III-V semiconductors which have direct bandgap, the transition of 

electrons between conduction band and valance band can directly happen 

without the help of phonon, resulting in much better optical property relative to 

indirect bandgap semiconductors. Except this advantage, other superior 

electronic and optical properties of some common non-nitride III-V 

semiconductors are shown in Table 1.1. These advantages lead to a prosperous 

market for GaAs, GaSb, and InP based devices on the application of high-

electron-mobility transistor (HEMT), high-performance light emitting devices and 

photodetectors.  

 

Table 1.1 Properties of common non-nitride III-V semiconductors [33]. 

 

1.2.2. Epitaxial Techniques of Semiconductor Materials 

Epitaxial growth methods are widely used in the manufacturing of discrete 

devices and integrated circuits. In general, it can be considered as a deposition 

process in which a thin film of crystalline material is formed with specifically 

defined orientations on the surface of a crystalline substrate. In the epitaxial 

process, the substrate could not only define the orientation of subsequent 
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epitaxial layers, but also have impact on the different types of strain introduced 

on the epitaxial layers. When the epitaxial layer is grown on the substrate of same 

material, e.g., the growth of Si buffer on Si substrate, it is called homogeneous 

epitaxy. On the other hand, in case of the heteroepitaxy, the substrate material 

and the epitaxial layer are different. In particular, the heteroepitaxy has attracted 

considerable attention due to its versatile functionality such as integration with 

other optical/electrical devices and flexibility of the material choice. However, the 

heteroepitaxy suffers from various types of defects, such as threading dislocation, 

antiphase domain, and thermal cracks, caused by different material properties 

including lattice constant, coefficient of thermal expansion (CTE), and polarity. In 

order to avoid the generation of high density of defects, the lattice-matched 

heteroepitaxy, in which the lattice structures of two materials are similar or have 

small mismatch, has been widely employed. An example of the lattice-matched 

heteroepitaxy is the growth of In0.53Ga0.47As layer on InP substrate, which are 

both zincblende structures with a lattice constant of ~5.869 A. However, in the 

case that the mismatch cannot be avoided, some optimization methods or 

additional buffer layers are required to reduce the density of defects and, hence, 

to make the upper epi-layer have higher crystal quality. For example, for the 

GaAs-on-Si growth, where the lattice mismatch is about 4%, various buffer layers, 

such as multi-step buffer growth and strained-layer superlattices defect filter layer, 

are essentially required. 

In terms of the growth techniques, chemical vapor deposition (CVD) is one of the 

most widely used epitaxial technologies. In some literatures, it can be also called 

as vapor phase epitaxy (VPE) [34]. In the epitaxial process of CVD, the substrate 

is exposed to the specific volatile precursors under a vacuum environment, 

realizing that the reaction happens on the surface of substrate to deposit the 

required material. During the deposition process, by-products and other chemical 

reactants in the chemical reaction process are removed from the reactor by gas 

flow. Taking the homoepitaxy of Si by CVD as an example, one method is to make 
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SiCl4 and H2 react on the heated Si substrate and produce Si and HCl, in which 

Si could be precipitated and deposited on the Si substrate. During the reaction, 

the by-product of HCl will be flowed out of reactor with carrier gas.  

Another important epitaxial growth method widely used in the research of 

nanoscience and nanotechnology is molecular beam epitaxy (MBE), which is also 

the main epitaxial growth method utilised in this thesis. Compared with the CVD, 

MBE has relatively low growth rate and can provide near-atomic precise control 

for the epitaxial layer. It is a physical epitaxial growth method performed in the 

ultra-high vacuum environment. The high purity source materials (99.99999%) 

are stored and heated in the effusion cell. The sublimed molecular beam could 

condense on the surface of substrate to form the epitaxial layer. The advantages 

on precision and high crystal quality make the MBE attract extensive research 

interests for the nanostructure in low dimensions [35]. The detailed mechanism, 

operation and growth modes of MBE will be discussed thoroughly in the Chapter 

2.1.  

 

1.3. Heteroepitaxial Growth of III-V on Si 

1.3.1. Overview of Challenges 

To leverage the economic benefits of monolithic integration, it is essential to 

obtain the high-quality III-V materials monolithically grown on Si platform due to 

a lack of Si-based light source. Historically, compared with the counterparts 

developed on native III-V substrate, the III-V devices directly grown on Si always 

experience the degradation on their performances due to the high density of 

crystalline defects introduced during the heteroepitaxial growth [36]. First, the 

discrepancy of lattice constant between most of the III-V materials (except GaP) 

and Si results in a high density of dislocation formed during the epitaxial growth. 

Second, all of the III-V materials have different thermal expansion coefficient to 

the group IV materials. A large difference of thermal expansion coefficient 
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introduces a thermal strain during the heteroepitaxy process. Particularly, while 

the wafer cools down to the room temperature from high growth temperature, the 

accumulated thermal strains can be relaxed by forming thermal cracks. Finally, 

due to the polarity difference between III-V materials (polar materials) and group 

IV materials (non-polar materials), there is a planar crystalline defect called 

antiphase boundary (APB) could be formed in the epitaxial layer. The mismatches 

discussed above and their corresponding defects are commonly considered as 

main challenges for the heteroepitaxial growth of III-V on Si, which are desired to 

be overcome to avoid the severe degradation of the device performance.  

 

1.3.2. Threading Dislocations 

1.3.2.1. Formation of Dislocations 

During the heteroepitaxial growth, the lattice mismatch introduces the 

accumulation of strain on the epitaxial layers since the initial stage of growth. If 

the thickness of epitaxial layers exceeds a certain value called the critical 

thickness, the accumulated strains are finally relaxed by forming misfit 

dislocations which are the missing or dangling bonds formed at the interface of 

the lattice mismatched layers. The schematic illustration of dislocations is shown 

in Figure 1.7. As a single dislocation cannot just disappear in the lattice for 

energetic reason, the misfit dislocation can only be terminated at the edge of the 

wafer or annihilated by forming a loop. For most of the situation in the 

heteroepitaxial growth, the distance to edge of the interface is much larger than 

that to the surface of epi-layer. Therefore, every misfit dislocation can always form 

two threading segments at the both ends towards the surface, usually called 

threading dislocations. As shown in the cross-section transmission electron 

microscope (TEM) image in Figure 1.8, for the typical III-V heteroepitaxy on Si 

substrate, the threading dislocation density (TDD) for the III-V epi-layer is usually 
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around 109-1010 cm-2, which is much higher than that grown on native substrate 

(103-104 cm-2).  

 

Figure 1.7 Schematic illustration of dislocations generated in the heteroepitaxial growth 

[37].  

It is well known for light-emitting devices that the defects such as dislocations 

generally act as the non-radiative recombination centres, degrading the device 

performances significantly. In other words, the high TDD not only lowers the 

internal quantum efficiency but also shortens the device lifetime. In order to 

reduce the influence of high TDD in the III-V-on-Si heteroepitaxy, various methods, 

such as multi-step buffer growth, lateral overgrowth, thermal cycle annealing, 

dislocation filter layers, graded buffer layers and so on, have been developed. 

Among these techniques, the dislocation filter layers, which can be considered 

as one of essential processes for III-V on Si growth, will be further discussed in 

the following section. 
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Figure 1.8 Cross-section TEM image for GaAs grown on Si substrate with high 

density of threading dislocations. 

 

1.3.2.2. Threading Dislocation Filters  

According to the discussion in the last section, the dislocation is a kind of one-

dimensional defect normally generated by lattice mismatch and thermal stress. 

For III-V materials grown on Si, their dislocation density could be over 109 cm-2, 

which is much higher than that of homoepitaxy of 103~104 cm-2. In order to 

distinguish the dislocations based on their orientation, the dislocations are 

generally classed into two types, misfit dislocations and threading dislocations, in 

which misfit dislocations lie on the interface of mismatched layers towards to the 

edge and threading dislocations have a component propagating in the growth 

direction. As the dislocations which appeared in the active region of light emitting 

devices are detrimental to the device performance, dislocation filter layers (DFLs) 

are widely utilized to prevent the propagation of threading dislocations upwards 

into the active region and to store the misfit dislocations in the III-V buffer layer. 

The basic propagation ways of threading dislocations in the heteroepitaxial 

growth on Si substrate is shown schematically in Figure 1.9. If a threading 
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dislocation meets another dislocation with opposite burgers’ vector, they will be 

self-annihilated. In contrary, the combination of dislocations with different burgers’ 

vector could generate a new dislocation propagating in a new direction based on 

the addition of vectors. Moreover, strain field could bend the dislocations towards 

the edge of structure, which was usually considered as the main mechanism of 

strained layer superlattice (SLS)—namely the DFL.      

 

Figure 1.9 Propagation ways of threading dislocations in the heteroepitaxial growth [38].  

The cross section TEM image of GaAs grown on Si substrate with three repeats 

of typical DFLs is shown in Figure 1.10. Each repeat of DFL consists of five stacks 

of 10 nm InGaAs/ 10 nm GaAs SLS and a 300 nm GaAs space layer. The strain 

field provided by SLS could sufficiently prevent the further propagation of 

threading dislocations. From the TEM image, it can be identified that after each 

repeat of DFL, the visible threading dislocations are clearly reduced. In addition, 

the thermal cycle annealing utilized in the growth of DFL could effectively help 

reduce the threading dislocation density [39]. The thermal stress induced by 

annealing process was believed to have the capability to promote the motion of 

threading dislocations and hence enhance the self-annihilation. Based on well-
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designed DFLs, the researchers have successfully suppressed the threading 

dislocation density down to 105 cm-2~106 cm-2 [40, 41].  

 

Figure 1.10 GaAs buffer grown on Si substrate with three repeats of DFLs consists of five 

stacks of SLS [42].  

 

1.3.3. Thermal Cracks 

Another challenge for the III-V epitaxial growth on Si is the thermal cracks caused 

by a large difference of thermal expansion coefficient between III-V materials and 

Si, resulting in severe problems on the yield of the fabricated devices. As shown 

in the Figure 1.11, thermal cracks can be easily observed on the surface of 

epitaxial structure in a cross-hatched pattern. They are usually caused by the 

cooling process from growth temperature to room temperature. Due to the 

mismatch of thermal expansion coefficient, the thermal strain is accumulated in 

the epitaxial layers during the cooling process. The formation of thermal cracks 

is also a strain relaxation process, but different from dislocations. It can reduce 

the overall energy of sample system in a large amount. The formation of cracks 

will certainly follow with the generation of new surfaces which could also consume 

the energy. As a result, when the thickness of the epitaxial layer exceeds the 
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critical thickness of crack formation, numerous thermal cracks could be formed 

on the surface of epi-layer.  

 

Figure 1.11 An optical microscope image of thermal crack lines on the surface of GaAs 

grown on Si [27].  

For the growth of GaAs on Si by MBE system, for instance, the typical growth 

temperature for GaAs is about 580~600 °C. The thermal expansion coefficients 

for GaAs and Si are 5.73×10-6 °C-1 and 2.6×10-6 °C-1 at room temperature (~20°C), 

respectively. According to the simulation in previous literatures, the theoretical 

critical thickness of crack formation for GaAs grown on Si is ~5 µm. A top-view 

scanning electron microscope (SEM) image of a GaAs/Si sample with 8.1 µm 

GaAs layer is shown in Figure 1.12. As the epitaxial layer thickness is much 

higher than the critical thickness (~5 µm), an orthogonal crack feature was 

observed on the surface.  

In general, the cracks are likely to be generated at the nucleation centres such 

as surface contaminations and crystalline defects. Fortunately, the nucleation 

centres can be reduced through pre-growth treatment and optimized growth 

technique, which can suppress the formation of thermal cracks. Basically, 

controlling the thickness of epitaxial layer below the critical thickness of crack 

formation (~6 µm) can avoid the formation of thermal cracks [43]. In addition to 

controlling the nucleation centres and reducing the thickness, the selective area 
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growth of III-V on Si could allow the thermal stress to be partially relaxed [44]. 

Also, reducing the cooling down rate from growth temperature could potentially 

decrease the concentration of stress, as it could allow the stress to be relaxed 

alternatively through forming a dislocation loop and gliding to the edge of the 

device [27]. The common mechanism for these potential solutions is to find 

another way to let the residual strain relax rather than generating thermal cracks, 

which has become an additional research interest for the optimization of III-V on 

Si [45]. 

 

Figure 1.12 An SEM image of 8.1 µm GaAs epitaxial grown on Si substrate with 

orthogonal thermal cracks [43].  

 

1.3.4. Antiphase Boundaries 

1.3.4.1. Formation of Antiphase Boundaries 

The third challenge regarding to the epitaxial growth of III-V on Si is the antiphase 

boundary, which can be formed on the interface of polarity mismatched materials. 

For Si which is a non-polar material with the diamond structure, its lattice structure 

consists of two interpenetrating face-centred cubic sublattices. As shown 

schematically in Figure 1.13, the only difference for two sublattice is the spatial 

orientation for the four tetrahedral bonds. The four bonds connect the 
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corresponding four neighbouring Si atoms which are identical. The two 

sublattices are distinguished as “A” and “B” only based on the orientations of 

bonds, in which the occupied atomic species are the same. Therefore, it can be 

considered as the two sublattices has no distinction between each other.   

 

Figure 1.13 The two sublattices of Si with no distinct difference except the spatial bonds 

orientation [46]. 

In contrast, III-V materials such as GaAs, which have the zincblende structure, 

consist of two sublattice occupied by two different atoms. One sublattice is 

occupied by Ga atoms and the other one is occupied by As atoms. Therefore, it 

is usually called polar material. In general, the allocation is identical throughout 

the whole crystal. However, when growing GaAs on Si substrate, especially Si 

(001) substrate, the situation becomes different. In the epitaxial growth by metal 

organic chemical vapour deposition (MOCVD) and MBE, since the Arsenic atoms 

form stronger bonds with Si than Ga, usually Arsenic layer is the first layer of atom 

deposited on the Si surface. As shown in Figure 1.14, for the Si surface which 

presents step with single atomic height or odd number of atomic layers, the two 

separate domains allocate opposite sublattice. Due to the formation of Ga-Ga 

and As-As bonds in the GaAs lattice, the interface between two separated 

domains creates a two-dimensional defect which is usually called APB or 

inversion boundary (IB). The two separated domains with opposite sublattice 
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allocation are usually called antiphase domain (APD) or inversion domain (ID) 

[47, 48].  

 

Figure 1.14 Schematic illustration of an APB formed along (110) plane on single stepped 

on-axis Si (001) surface. 

Because the APB is planar defect, it will travel throughout the whole structure 

unless suppressed at the initial stage, which finally appears on the surface of 

epaxial layer. The 5 µm×5 µm atomic force microscope (AFM) image of 1 µm 

GaAs grown on Si (001) substrate with APB on the surface is shown in Figure 

1.15. The twisted and crossed surface are GaAs lattice in different domains and 

the dips between them can be recognized as APBs. Apparently, because of the 

appearance of APB on the surface, the surface roughness of sample is increased 

dramatically to 16.2 nm with a maximum altitude difference of ~224 nm. In 

contrast, the surface roughness of GaAs grown on Si without APB is usually 

around ~2 nm. The uneven surface could severely degrade the performance of 

devices and the yield of fabrication. In addition, APBs consisting of Ga-Ga and 

As-As bonds can be considered as electrically charged defects. The existence of 

Ga-Ga or As-As bonds requires additional valence electrons to fill the bonding 

orbitals or provide extra valence electrons, which actually play the roles of 

acceptor and donor, respectively [46]. The fluctuation on the local charge balance 

will thus destroy the electrical property of samples. If the APB could be formed 
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exactly along (110) plane, the Ga-Ga and As-As bonds will form alternately inside 

a single unit cell, realizing a compensation on the local charge balance [46]. 

However, the initial stage of Si surface cannot guarantee that the APB would be 

formed exactly along (110) plane. This will result in a large amplitude fluctuation 

on local charge, which could successively damage the fabricated devices. 

Fortunately, the formation of (110) plane APB is energetically preferred with low 

energy [49, 50]. Engineering the Si surface to ensure the APB formed along (110) 

plane and promoting the annihilation process are also main works focused in this 

thesis. The detailed processes associated with the further annihilation of APBs 

are demonstrated in chapter 5.  

 

Figure 1.15 The 5 µm×5 µm AFM image of 1µm GaAs grown on well-oriented Si (001) 

substrate with APB appeared on surface. 

 

1.3.4.2. Antiphase Boundary Free III-V on Offcut Si 

According to the discussion about APB formation in the above section, it is found 

that the APB is highly dependent on the Si surface steps. In contrast to the Si 

surface with odd number of atomic-layer height, the surface dominated by double 

atomic-layer height or even number of atomic-layer height could sufficiently 
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suppress the formation of APB. As shown in Figure 1.16, for the GaAs on Si, the 

two sublattices of GaAs could be deposited on double-atomic stepped Si surface 

in a forward way, allowing a single domain crystal of GaAs epi-layer. Unfortunately, 

however, the as-polished conventional Si surface with exact (001) orientation, 

generally used for the CMOS applications, has been experimentally proved to 

have the dominant steps in single atomic height [51]. It makes not only GaAs but 

also all the III-V compound materials epitaxially grown on exact Si (001) substrate 

present the defects of APB.  

 

Figure 1.16 GaAs deposited on double stepped Si surface (ball-and-stick illustration). 

In the past decades, APB issue for III-V on Si was commonly addressed by using 

misoriented Si (001) substrate which normally has miscut angle of 2-6°. Henzler 

and Clabes first found that the surface of offcut Si (001) substrate could potentially 

form double atomic steps under high temperature annealing [51]. Afterwards, 

Kaplan showed that the misoriented Si (001) substrate with few degrees miscut 

angle towards (110) plane had the dominant double-atomic height steps [52]. 

Moreover, in 1986, Sakamoto and Hashiguchi reported convincing evidence on 

the step doubling process by comparing the Si surface with and without annealing 

[53, 54]. In this work, after annealing at 1000 °C for 20 mins, the single-atomic 
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steps on Si surface were reconstructed to the double-atomic steps with the clear 

terrace-like steps. Since the early 1985, a great deal of efforts has been made by 

Fischer et al. on solving APB issues by achieving perfect double-atomic height 

steps on offcut Si substrate, realizing an APB-free GaAs surface grown on it [55, 

56]. The result was confirmed by using anisotropic etching of the as-grown GaAs 

epi-layer, which was considered as an effective method to identify APBs at that 

time. Additionally, Nishi et al. identified the absence of APBs by using clear and 

uniform Reflection high-energy electron diffraction (RHEED) patterns throughout 

the whole growth procedures in MBE system [57]. In addition, Wang et al. also 

reported the APB-free GaAs and AlGaAs growth method on misoriented Si (001) 

substrate by using the similar evidence of RHEED pattern [58]. Based on the 

successful development of III-V grown on offcut Si substrate, extraordinary 

results toward the optoelectronic integration have been demonstrated [40, 59]. 

However, offcut Si substrate is incompatible with the mature CMOS technique, 

which requires the on-axis Si (001) substrate. Therefore, the APB free III-V grown 

on CMOS compatible Si (001), which has been considered as the one of the main 

driving forces for the research on III-V/Si epitaxy, become desirable for the 

researchers in recent years.  

 

1.3.4.3. Antiphase Boundary Free III-V on On-axis Si (001) 

For the APB issue of III-V epitaxy on CMOS-compatible on-axis Si (001), the main 

challenge is the single atomic step on Si surface. Therefore, in general, there are 

three possible ways to solve it. First option is to engineer the Si surface to 

promote the formation of double atomic steps on on-axis Si (001) substrate. 

Numerous achievements have been performed on either GaAs/Si or GaP/Si 

platform [60-62]. For the GaAs on Si, for example, although the double atomic 

step is not thermodynamically favourable for the surface of on-axis Si (001), 

Alcotte et al. achieved the double-atomic steps using the special surface 

treatment [60]. In this work, prior to the III-V growth, the on-axis Si (001) with 0.15° 
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miscut angle towards (110) plane was annealed at high temperature of 800 °C-

950 °C under H2 environment for 1-10mins to promote the formation of double 

atomic step. As shown in Figure 1.17 (a), the two-step grown 400nm GaAs on a 

non-engineered Si surface shows a surface with copious APBs. Figure 1.17 (b), 

the 2 µm×2 µm AFM image shows the on-axis Si surface after annealing 

treatment with H2 flow, exhibiting a double-atomic steps dominant Si surface with 

a step height of 0.27 nm (equivalent to the height of two Si sublattices) and a step 

width of 100 nm. Upon this platform, a 400 nm-thick GaAs with identical two-step 

growth condition to the sample in Figure 1.17 (a) was deposited, producing an 

APB-free surface shown clearly in the 5 µm×5 µm AFM image of Figure 1.17 (c). 

The surface roughness of GaAs epi-layer was measured with ~0.8 nm.   

  

Figure 1.17 (a) The two-step grown 400nm GaAs upon a non-engineered Si surface with 

APBs. (b) A double step dominant Si surface obtained after surface engineering on on-

axis Si (001) surface. (c) APB-free GaAs surface obtained based on engineered Si surface 

with double atomic steps [60]. 

For the development of GaP/Si platform, surface treatment on on-axis Si (001) 

substrate was also performed by MOCVD to promote the formation of double-

atomic steps. The on-axis Si substrate with 0.12° miscut angle towards (110) 

degree was annealed under 975 °C for 10 mins with 950 mbar of H2 flow [61, 62]. 

The post-annealed Si surface is shown in Figure 1.18, indicating a dominant 

double-atomic step. Despite the double-atomic steps, some zigzag-patterned 

dips or islands can be observed on the surface after annealing process. Even 
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though the Si surface is not completely reconstructed to double-atomic steps, the 

optimized growth technique on subsequent III-V epi-layer could let them self-

annihilate during the growth. As shown in Figure 1.19, this phenomenon was 

clearly observed by dark field TEM image towards <11̅0> direction in the GaP 

growth on on-axis Si by MOCVD.  

 

Figure 1.18 The 2 µm×2 µm AFM image of post-annealed Si (001) surface with 0.12 ° 

miscut angle [62].  

 

Figure 1.19 The cross section TEM image of Self-annihilation of APB observed in the epi-

layer of GaP on Si (001) substrate [61]. 

Despite the above methods achieving predominantly double stepped Si surface, 

another method of solving APB issue on on-axis Si (001) is to use a patterned 
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substrate such as V-grooved Si substrate with {111} facet. The facet is usually 

formed by selective etching by using potassium hydroxide (KOH) solution or tetra-

methyl ammonium hydroxide (TMAH) [63]. Based on this platform, promising 

results have been demonstrated for InP/Si and GaAs/Si systems [64, 65]. Taking 

GaAs grown on patterned Si (001) surface as an example, the cross-section TEM 

image shown in Figure 1.20 (a) indicates that no APB was formed on the {111} 

facet of Si. In addition, as shown in Figure 1.20 (b), the tiara-like shape formed at 

the top of V-grooved Si could act as a defect trapper to prevent the propagation 

of stacking faulting into the upper GaAs epi-layer. As one of the key concepts in 

this thesis, another novel method to annihilate APBs on parallel single stepped 

on-axis Si (001) substrate was demonstrated in Chapter 5, realizing an APB-free 

Si-based III-V growth method by MBE only.  

 

Figure 1.20 (a) GaAs grown on patterned on-axis Si (001) substrate with V-groove; (b) 

Defects were trapped by the tiara shape formed at the top of V-grooved Si [65]. 
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1.4. Quantum Confinement in Different Dimensions  

For the research of nanostructure in semiconductor, the quantum confinement 

plays a crucial role on the property. When the dimension of nanostructure is 

comparable to its de Broglie wavelength which can be expressed by Equation 1.1, 

the nanostructure will have a quantum confinement energy at that dimension. 

Where ℎ is Planck constant and 𝑝 is momentum in Equation 1.1.  

𝜆 ≅ ℎ/𝑝                    Equation 1.1 

As the energy states of conduction and valence band are discrete, a function is 

required to define the density of these energy states. The density of states (DOS) 

describes the number of energy states which can be occupied by electrons at 

typical energy level. It can be represented by 𝑔(𝐸) which is a function of energy 

and can be derived by calculating the number of states per unit volume in an 

energy range of 𝐸 and 𝐸 + 𝑑𝐸. The equation is shown in Equation 1.2. 

𝑔(𝐸)𝑑(𝐸) = (𝐸 + 𝑑𝐸)             Equation 1.2 

Then, in practice, according to the evaluation of the E-k relationship for electron, 

the derivation of 𝑔(𝐸)  is usually calculated based on the DOS in momentum 

space named as 𝑔(𝑘) . The function of 𝑔(𝐸)  and 𝑔(𝑘)  is described in                  

Equation 1.3 shown below. 

𝑔(𝐸) = 𝑔(𝑘)
𝑑𝑘

𝑑𝐸
                 Equation 1.3 

First, if we consider the free electron with a momentum of p and velocity of v in a 

relationship of 𝑝 = 𝑚𝑣 , its energy comes from kinetic energy shown in                   

Equation 1.4, where m is the mass. Due to the particle-wave duality theory by de 

Broglie, the electron also presents the property of wave with a wavenumber of 

𝑘 =
𝑝

ћ
, where ћ is the reduced Planck’s constant. Then we can get the relationship 

between 𝑘 and 𝑣 for the substitution (Equation 1.5). Therefore, the function of 

energy for free electron can be derived to Equation 1.6 with a relationship to 𝑘.  
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𝐸 =
1

2
𝑚𝑣2                  Equation 1.4 

𝑘 =
𝑚𝑣

ћ
                     Equation 1.5 

𝐸 =
ћ2𝑘2

2𝑚
                    Equation 1.6 

The discussion above represents the E-k relationship for free electron. Before 

determining the function for density of the effective energy states, an approximate 

mathematical model of electron freely traveling in the lattice is required. In 

quantum mechanics, the position of electron can be described as a wavefunction 

of ψ (x, y, z) when considering the electron is confined in a three-dimensional 

infinite deep potential well (also usually called the particle-in-a-box model). Note 

that the real situation for the electron in crystal is much more complicated than 

the model, and this is a simplified approximation for the derivation of DOS. If we 

assume the lattice is a square box with length of 𝐿, the solution of wavefunction 

for electron is shown in Equation 1.7, where 𝑘𝑥, 𝑘𝑦 and 𝑘𝑧 are representing the 

wavevectors in 𝑥 , 𝑦  and 𝑧  axis, respectively. The boundary conditions for 

infinite deep potential well are 𝑉 = 0 inside the box and 𝑉 = ∞ outside the box. 

The mathematical expression of this boundary conditions is shown in             

Equation 1.8. As shown in Figure 1.21, a schematic demonstration of 

wavefunction with boundary condition along the 𝑥 axis is presented. Considering 

the boundary conditions, the wavefunction of 𝜓(𝑥, 𝑦, 𝑧) needs to go to zero at 

the boundaries, corresponding to sin(𝑘𝑥𝐿) = 0 , sin(𝑘𝑦𝐿) = 0  or sin(𝑘𝑧𝐿) = 0 . 

Therefore, the allowed wavevectors, 𝑘𝑥, 𝑘𝑦, and 𝑘𝑧, need to satisfy the following 

conditions shown in Equation 1.9, where, 𝑛𝑥 , 𝑛𝑦  and 𝑛𝑧  are all positive 

integers. As the wavefunction generated by negative value of 𝑛𝑥, 𝑛𝑦 and 𝑛𝑧 is 

only symbolically different from the corresponding positive values, the 

wavefunction obtained is the same and does not represent different states.  

𝜓(𝑥, 𝑦, 𝑧) = 𝑠𝑖𝑛(𝑘𝑥𝑥) 𝑠𝑖𝑛(𝑘𝑦𝑦) 𝑠𝑖𝑛(𝑘𝑧𝑧)        Equation 1.7 
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𝑉(𝑥, 𝑦, 𝑧) = 0, {
0 < 𝑥 < 𝐿
0 < 𝑦 < 𝐿
0 < 𝑧 < 𝐿

}

𝑉(𝑥, 𝑦, 𝑧) = ∞, {
𝑥 = 0, 𝑥 ≥ 𝐿
𝑦 = 0, 𝑦 ≥ 𝐿
𝑧 = 0, 𝑧 ≥ 𝐿

}

            Equation 1.8 

𝑘𝑥𝐿 = 𝜋𝑛𝑥

𝑘𝑦𝐿 = 𝜋𝑛𝑦

𝑘𝑧𝐿 = 𝜋𝑛𝑧

                   Equation 1.9 

 

Figure 1.21 Wavefunctions of the electron confined in infinite deep potential well [66]. 

According to Equation 1.9 in the above section, the allowed states in k space can 

be plotted as a sphere with the visualization of three dimensions, as shown in 

Figure 1.22. The grid of points represents each allowed state with corresponding 

different positive integers of 𝑛𝑥, 𝑛𝑦 and 𝑛𝑧. As the negative values of 𝑘𝑥, 𝑘𝑦 

and 𝑘𝑧  do not represent independent states, the DOS in 𝑘  space can be 

determined by using only one eighth of the sphere with positive coordinates. The 

space between each state at the same coordinates can be calculated to be 
𝜋

𝐿
. 

Considering this space into the three-dimensional case, the volume of each state 

𝑉𝑘  can be obtained by Equation 1.10. At the meantime, the volume of the 

differential element of the spherical shell with radius of |𝑘| can be expressed as 

4𝜋𝑘2𝑑𝑘. With these two aspects of volume, the number of states at the differential 
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elements of volume for the spherical shell in 𝑘 space can be obtained, which is 

usually presented as 𝑔(𝑘)𝑑𝑘. The function is shown in Equation 1.11. In addition, 

it should be noted that each state can hold two electrons in opposite spins and 

only one eighth of the k space sphere with positive integers of 𝑛𝑥, 𝑛𝑦 and 𝑛𝑧 

needs to be considered. Therefore, the function shown in Equation 1.11 needs to 

be multiplied by 2 and divided by 
1

8
. Eventually, it can be derived to the function 

shown in Equation 1.12, which can represent the density of states in 𝑘 space. 

According to the E-k relationship shown in Equation 1.6, the relationship between 

𝑑𝐸 and 𝑑𝑘 can be obtained, as shown in Equation 1.13. Therefore, the DOS for 

energy in a lattice with volume of 𝐿3  can be derived from Equation 1.3 to 

Equation 1.14 based on the results of density of states in 𝑘 space. 

 

Figure 1.22 The allowed states in k space (the shell of sphere represents the number of 

allowed states with a spherical radius of |𝑘|) [67]. 

𝑉𝑘 = (
𝜋

𝐿
)

3

                     Equation. 1.10 

𝑔(𝑘)𝑑𝑘 =
4𝜋𝑘2

𝑉𝑘
𝑑𝑘 =

4𝜋𝑘2𝐿3

𝜋3 𝑑𝑘             Equation. 1.11 

𝑔(𝑘)𝑑𝑘 = 2 (
1

8
)

4𝜋𝑘2𝐿3

𝜋3
𝑑𝑘 =

𝐿3𝑘2

𝜋2
𝑑𝑘         Equation. 1.12 
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𝑑𝑘 =
1

ћ
√

𝑚

2𝐸
𝑑𝐸                   Equation. 1.13 

𝑔(𝐸)𝑑𝐸 =
𝐿3

𝜋2ћ3 𝑚3 2⁄ √2𝐸𝑑𝐸            Equation. 1.14 

Moreover, the expression of DOS can be changed depending on the dimensions 

of semiconductor nanostructure. As shown in Figure 1.23 (a-d), the curves 

present the DOS (shown as D(E)) for different dimensions of structures as a 

function of energy (shown as E). For bulk material which can be called as three-

dimension (3D) structure, there is no quantum confinement from any dimension, 

providing a continuous DOS in parabolic curve shown in Figure 1.23 (a). The QW 

structure which has quantum confinement in one dimension is usually 

distinguished as two-dimensional (2D) structure, showing a step-like DOS in 

Figure 1.23 (b). For the quantum wire structure with quantum confinement in two 

dimensions, it is called one-dimensional (1D) structure with DOS shown in Figure 

1.23 (c). In addition, for QD structure which is a zero-dimensional (0D) structure 

facing quantum confinement in all three dimensions, its DOS shows delta-

function-like curve with discrete energy levels in Figure 1.23 (d). 

 

Figure 1.23 Schematic diagram of DOS for semiconductor nanostructures in different 

dimensions; (a) 3D bulk, (b) 2D quantum well, (c) 1D quantum wire, (d) 0D quantum dot 

[68]. 

As a matter of fact, the particle-in-a-box model cannot be simply used in the real 

semiconductor system. For example, in case of QD, the self-assembled growth 
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method will bring a fluctuation on the size distribution, as well as the strain field 

and composition. This nonuniformity causes inhomogeneous broadening of QDs, 

as shown in Figure 1.24. This inhomogeneous broadening effect results in a 

formation of quasi-band of state for QD layer, which can be considered as a 

weighted superposition of the different states of discrete QDs. However, the 

inhomogeneous broadening will not affect the quantized separation of DOS for 

QD as the separated space between each quantum state is certainly larger than 

the inhomogeneous broadening.  

 

Figure 1.24 Inhomogeneous broadening of QD, where ∆𝐸𝑖𝑛ℎ represents the broadening 

linewidth [69].  

Except the effect of inhomogeneous broadening on DOS discussed in the above 

section, the wetting layer formed during the growth of self-assembled QD layer 

via Stranski-Krastanov growth mode also needs to be considered in the real 

system. In general, the wetting layer below the QD layer can be considered as a 

QW which connects the dots [70].  
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1.5. Fundamental of Semiconductor Quantum Dots 

1.5.1. Overview of Semiconductor Quantum Dots 

Semiconductor QD has attracted numerous research interests since its first 

proposal in 1982 by Arakawa and Sakaki [71]. Soon after, by depositing short 

period of InAs/GaAs strained-layer-superlattice on GaAs substrate, the self-

assembled InAs/GaAs based three-dimensional nanostructure was observed by 

Goldstein. et al in 1985 for the first time, which could be considered as a key 

material system for the future development of QD active devices [72]. The lasing 

emission of QD laser and clear evidences of its delta-function-like DOS were first 

demonstrated by Kirstaedter. et al and Mirtin. et al in 1994 and 1996, respectively 

[73, 74]. The discrete DOS can be attributed to the distinctive three-dimensional 

quantum confinement of QD. This notable advantage contributes to its unique 

optical and electronic properties. The typical geometry of a self-assembled QD—

a pyramid shape—is shown in Figure 1.25.  

 

Figure 1.25 The schematically geometry of a self-assembled QD [75]. 

In recent years, the high demand on small footprint and high-efficiency optical 

interconnection for data centre and telecom applications drives the research of 
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Si photonics. Despite the recent advances in Si photonics, however, the lack of 

efficient electrically pumped Si-based light source still remains as a key challenge 

for its further development. To address this issue, integrating efficient III-V lasers 

on Si platform has been regarded as the most promising solution. The 

outstanding superior characteristics of QD laser on low threshold current, high 

temperature stability, high defects tolerance and high reliability makes it a 

promising choice for the on-chip light source of Si photonics. The insensitivity to 

defects and the viability to form through self-assembled growth method offer the 

prospect of epitaxially integrating high-performance QD laser on Si. This could 

allow the future manufacture of Si based laser compatible to the mature 300mm 

scale CMOS technology.  

 

1.5.2. Properties of Quantum Dots 

The ideal size of semiconductor QD is small enough in all dimensions comparable 

to de Broglie wavelength of electrons, allowing the quantum confinement in three 

dimensions. The quantum confinement in three dimensions provides atom-like 

discrete energy levels in conduction/valence bands, as well as the delta-function-

like DOS. Given that a QD is a small box in quantum size, the energy states of 

QD available for electrons to occupy are determined by the dot size and the 

height of the potential barrier. The confinement energy of ideal QD is given in 

Equation 1.15, where Lx,,Ly,,and Lz represents the length of QD in x, y, and z 

dimensions, respectively, (a, b, c) = 1, 2, 3, 4…means different energy levels, and 

m* is the effective mass. The discrete energy levels allow electrons to be easily 

trapped at certain energy level, thus reducing the effect of thermal escape. 

Therefore, QD-based light-emitting devices could have better thermal stability 

than QW-based devices. For the laser devices, particularly, the QD-based 

devices could have much lower threshold current due to the stronger quantum 

confinement, compared with QW-based devices. 
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𝐸𝑎,𝑏,𝑐 =
ℎ2𝑎2

8𝑚∗𝐿𝑥
2 +

ℎ2𝑏2

8𝑚∗𝐿𝑦
2 +

ℎ2𝑐2

8𝑚∗𝐿𝑧
2            Equation. 1.15 

For the transparent current density 𝐽0 of an ideal QD laser, its equation can be 

estimated based on radiative recombination lifetime 𝜏 and the surface density of 

QDs 𝑁𝑄𝐷 , shown in Equation 1.16 [75]. The transparency current density 

represents the condition for population inversion, which is corresponding to the 

zero-gain condition. In this equation, an ideal QD array with identical QDs was 

assumed, which means all the QDs have the same electronic structure.  

  𝐽0 =
𝑞𝑁𝑄𝐷

𝜏
                      Equation. 1.16 

As shown in Equation 1.16, where 𝑞 is the elementary charge of carrier, 𝐽0 is 

variable for the QD lasers with different QD density. Considering that the typical 

surface density of self-assembled QDs is in the order of 1 ~ 5×1010 cm-2, the 

corresponding 𝐽0 for QD lasers could be estimated to as low as 5 Acm-2, which 

is lower in order of magnitude than the QW lasers under the same assumption of 

radiative recombination lifetime. 

𝐽𝑡ℎ = 𝐽0 (
𝑎𝑖+𝑎𝑚

𝑔𝑠𝑎𝑡 + 1) = 𝐽0 (
𝑎𝑖+𝑟/𝐿

𝑔𝑠𝑎𝑡 + 1)        Equation. 1.17 

As shown in Equation 1.17, the function of threshold current density 𝐽𝑡ℎ of an 

assumed ideal QD laser is presented, which is estimated by V. M. Ustinov. et al 

to illustrate the dependency of threshold current density on other properties of 

QD lasers [75]. In Equation 1.17, 𝐽0 is the transparency current density which is 

proportional to the surface density of QDs 𝑁𝑄𝐷, as demonstrated in Equation 1.16. 

𝑔𝑠𝑎𝑡 is the saturated gain which represents that the maximum possible gain can 

be achieved with the increasing of injection current density. It was found 

proportional to 𝑁𝑄𝐷 ∆𝐸⁄  for an ideal QD laser, where 𝑁𝑄𝐷 is the surface density 

of QDs and ∆𝐸  represents the inhomogeneous broadening of DOS which is 

highly dependent to the uniformity of QDs [75]. 𝑎𝑖 + 𝑎𝑚 is the total loss in which 

𝑎𝑖  is the internal loss and 𝑎𝑚  is the mirror loss. As the mirror loss can be 

expressed by 𝑎𝑚 = 𝑟/𝐿, the threshold current density 𝐽𝑡ℎ can be further derived 
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to the function of 𝑟 , 𝐿 , 𝑔𝑠𝑎𝑡  and 𝐽0 . The 𝑟  is a measure of facet reflectivity 

shown in Equation 1.18, where 𝑅1 and 𝑅2 are the reflectivity of two mirrors, and 

the 𝐿 is the cavity length of QD laser.  

 𝑟 =
1

2
 𝑙𝑛 (

1

𝑅1𝑅2
)                   Equation. 1.18        

In addition, owing to the unique DOS of QDs, namely the enough separation 

between the ground state and excited state, there is no position available for the 

carriers to be thermally populated, resulting in the temperature-insensitive 

threshold current density for ideal QD laser. In addition, it also makes the 

characteristic temperature which describes the relationship between temperature 

and threshold current density become infinite for the ideal QD laser. Therefore, 

contrary to the QW laser which has the dependency of transparency current 

density on temperature, the QD laser presents outstanding temperature stability 

in principle, realizing high temperature operation in numerous applications 

without additional cooling.  

Moreover, the QD laser also reveals extraordinary tolerance to crystalline defects. 

The density of self-assembled semiconductor QDs in laser active region is 

normally higher than 5×1010 cm-2 while the typical dislocation density of an 

optimized GaAs buffer on Si substrate is only around 106-107 cm-2. The huge 

difference on density between QDs and dislocations makes the charge carriers 

have a much higher opportunity to meet a QD rather than a dislocation. A direct 

comparison of device performance under various density of dislocations for QD 

and QW lasers has been well demonstrated in Figure 1.26 [76]. As shown in 

Figure 1.26 (a), for the QD lasers, only a minor change on threshold current 

density was observed as the threading dislocation density increases from 1×106 

cm-2 to 5×107 cm-2. Note that this value is the typical level of threading dislocation 

density for an optimized III-V device directly grown on Si substrate. In stark 

contrast, the performance of QW lasers strongly depends on the density of 

threading dislocations, indicating much lower tolerance to the dislocation-induced 
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carrier loss, as shown in Figure 1.26 (b). Furthermore, room-temperature lasing 

operation cannot be obtained for QW laser with a threading dislocation density of 

over 107 cm-2 even under higher injection current.  

 

Figure 1.26 (a) Calculated light-current curves of broad-area QD lasers as a function of 

different threading dislocation density. (b) Calculated results with different threading 

dislocation density for QW laser with same device structure [76]. 

Even if the threading dislocations propagate through the QD layer, only the limited 

number of dots on the defect-propagating path, which is a very small part of 

dislocation density, will be destroyed, leaving the rest QDs remain effective. In 

addition, as the QD formed by self-assembled growth method requires the lattice-

mismatched material system such as InAs and GaAs, the resident strain in the 

heteroepitaxy process will bring a strain field around the QD layer. As shown in 

Figure 1.27, the strain field has the possibility to bend the threading dislocations, 

resulting in no destruction of the QD. This phenomenon makes the QD lasers 

become less sensitive to the dislocation compared to QW laser. All these 

advantages discussed above enable the QD lasers to be an ideal light source 

monolithically integrated on Si substrate.  
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Figure 1.27 Defect tolerance of QD, (a) threading dislocation propagates in QD layer 

active region; (b) threading dislocation kinks due to the strain field of QD [40]. 

 

1.6. Semiconductor Lasers 

1.6.1. Overview of Laser Diodes 

Since Theodore Maiman in Hughes Research Laboratories made the first laser 

in 1960, enormous researches have been done in the laser field [77]. The full 

explanation of laser is ‘light amplification by stimulated emission of radiation’, 

which clearly explains the three key elements of a laser device: pumping source, 

gain medium and resonance cavity. As a crucial concept of laser devices, 

semiconductor lasers have been successfully demonstrated for more than 50 

years. By taking the advantages of superior optical properties of III-V materials, 

the first semiconductor laser established in 1962 was an edge-emitting laser 

based on GaAs. The schematic principle of an edge emitting laser is shown in 

Figure 1.28. The left and right facet form an optical cavity for resonance. 

Stimulated emission will happen in gain medium and emit lasing through both 

side of facet.  
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Figure 1.28 Schematic structure of an conventional edge emitting laser [78]. 

 

1.6.2. Development of Quantum Dot Lasers Integrated on Si  

The exciting properties of high reliability, low threshold and insensitivity to defects 

and temperature make III-V QD laser on Si become a promising option for on-

chip light-source for Si photonics. It has been proved that QD lasers grown on Si 

can achieve lasing operation at over 100 ºC [79]. Moreover, it was reported that, 

for GaAs-based laser grown on Si, QD devices show much higher reliability to 

corresponding QW devices [26]. There are two main approaches for integrating 

III-V QD laser on Si platform, bonding technique and monolithic integration. The 

wafer-bonding and flip-chip bonding techniques applied for integrating III-V QD 

lasers on Si substrate have been successfully demonstrated in the past two 

decades [24, 80]. In a long-term view, however, the enormous potential of low 

cost and high yield for the monolithic integration technique on large scale and 

complex integration makes it attract more attentions in recent years [27].  

For the monolithic integration of III-V QD lasers on Si substrates, following the 

report of high performance 1.3 µm electrically pumped InAs/GaAs QD laser on a 

4º offcut Si substrate by T. Wang. et al [81], extensive studies have been devoted 

to QD lasers on an offcut Si substrate. To date, a high-performance, high-

reliability InAs/GaAs QD laser on offcut Si platform with a low threshold current 
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density of ~62.5 A cm-2 has been demonstrated by S. Chen. et al, with an 

extrapolated time-to-failure of over 100,158 hours [40].  

Since offcut Si substrates are incompatible with industrial standard fabrication, 

realizing high-performance APB-free QD laser on an industrial standard CMOS-

compatible exact (001) Si substrate becomes a top-most priority. So far, notable 

progresses in InAs/GaAs QD lasers on on-axis Si (001) substrates by various 

approaches has been made. By using V-grooved Si patterned substrates, J. 

Norman. et al reported an electrically pumped QD laser on Si (001) [82]. In 

cooperation with the GaP/Si (001) template developed by MOCVD, remarkable 

results of InAs/GaAs QD lasers on GaP/Si (001) substrates have been 

demonstrated [83, 84]. By using the GaAs/Si (001) virtual substrate grown in two 

steps by MOCVD, S. Chen. et al reported a continuous wave InAs/GaAs QD laser 

on on-axis Si (001) with a threshold current density of ~425 A cm-2 [85]. In addition, 

by introducing improved QD active region and III-As buffer layer with reduced 

thickness, an 1.3 µm InAs/GaAs QD laser directly grown on GaAs/Si (001) 

substrate with a threshold current density as low as ~160 A cm-2 has been 

demonstrated, which is also a part of the results demonstrated in this thesis [86]. 

By using Al0.3Ga0.7As seed layer, an all-MBE grown InAs/GaAs QD laser on on-

axis Si (001) has been reported by J. Kwoen. et al with a threshold current density 

of ~370 A cm-2 and a highest operation temperature of ~100 °C [87]. Moreover, 

in this thesis, a novel method of APB-free GaAs on on-axis Si (001) substrate in 

1 µm thickness by using MBE system is demonstrated. Based on this unique 

platform, an electrically-pumped QD laser is achieved with threshold current 

density of ~83 A cm-2 and highest operation temperature up to 120 °C [88]. 

 

1.7. Thesis Structure 

In this thesis, the main objectives are to investigate the optimization of InAs/GaAs 

QD laser monolithically integrated on on-axis Si (001) substrate. Several 
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approaches have been performed on the optimization of QD active region and III-

V buffer on Si. The high density QD with superior optical performance has been 

achieved. Additionally, the APB issue originated from the III-V epitaxy on on-axis 

Si (001) substrate has been successfully solved by utilizing a novel method by 

MBE only. Moreover, low threshold QD lasers with good performance have been 

developed upon different on-axis GaAs/Si (001) platforms with the help of device 

fabrication.  

Following the introduction of some basic concepts of semiconductor in this 

chapter, chapter 2 illustrates the details of experimental instruments used in the 

research. As the most important growth technique performed in the achievements 

of this thesis, the principle, growth modes and operation of MBE facility have been 

explained. In addition, the main characteristic measurements utilized for 

investigating the crystal quality and optical properties of grown samples including 

AFM, X-ray diffraction (XRD), PL, SEM and TEM have been introduced.    

Chapter 3 presents the optimization details of InAs/GaAs QD. The growth 

mechanism and the impact of growth conditions on QD parameters have been 

analysed experimentally. The growth details and measurement results mainly 

based on AFM and PL have been illustrated. Eventually, the optimized high-

density QD with narrow linewidth and improved optical performance have been 

successfully achieved.  

Chapter 4 covers the successful demonstration of low threshold InAs/GaAs QD 

laser directly grown on CMOS compatible Si (001) substrate with reduced buffer 

thickness. Particularly, the details, such as realization of GaAs/Si (001) virtual 

substrate, optimization of thin III-V buffer with dislocation filter layers and epitaxial 

growth of InAs/GaAs QD active region, has been illustrated. The characterization 

of laser device is performed, realizing highly improved performance of QD laser 

on CMOS compatible Si (001) substrate.  
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Chapter 5 illustrates a new method for APB-free III-V QD lasers on on-axis Si by 

MBE only. Together with the optimization of III-V buffer layer growth, the periodic 

single steps, formed on the annealed Si buffer grown on on-axis Si substrate, 

enable most of APBs to be effectively annihilated within 500 nm GaAs buffer layer. 

The detailed mechanism of APB annihilation was analysed. Based on this new 

developed platform and the optimized high-density QD active region, a high-

performance InAs/GaAs QD laser has been successfully demonstrated.  

Chapter 6 provides a brief summary of thesis and conclude the results achieved 

in the PhD study. The remaining challenges and possible optimization of QD laser 

monolithically integrated on Si in future work are introduced.     
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Chapter 2  
 

Experimental Methods  
 

 

2.1. Introduction 

In this thesis, Veeco GEN 930 solid-source molecular beam epitaxy (MBE) facility 

was used for the heteroepitaxial growth on Si substrate. Surface morphologies of 

the GaAs buffer layer and the InAs/GaAs quantum dot (QD) on Si were 

characterised by atomic force microscopy (AFM) in standard tapping mode in air. 

Room temperature photoluminescence (PL) and temperature-dependent PL 

measurements for QDs were performed to study the optical properties. Scanning 

electron microscopy (SEM) was utilized to obtain the information of surface 

topography for both plane view and cross section. Transmission electron 

microscopy (TEM) was used to evaluate the movement of threading dislocations 

and investigate the details of active region. X-ray diffraction (XRD) measurement 

was employed to investigate accurate composition of compound materials. This 

chapter will introduce the mechanism and operation process of these methods. 
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2.2. Molecular Beam Epitaxy 

2.2.1. Overview 

MBE was designed as a method for developing compound semiconductor layers 

with high purity in early 1970s by Cho. et al [1, 2]. After about 50 years 

development, MBE has been considered as a popular technique for the epitaxy 

of sophisticated optoelectronic devices, benefiting from its precise control on the 

epi-layer thickness, doping, composition and well-defined interface. As an ultra-

high vacuum (UHV) physical epitaxy technology, MBE enables deposition of high 

purity materials (~99.99999 %) at a desired beam flux rate and temperature to 

form crystalline structure. The UHV environment ensures high controllability over 

the growth conditions and low possibility of contaminations during growth process. 

These three features can be considered as the crucial aspects of MBE to obtain 

the epi-layer with high purity. In addition, the growth rate which can be precisely 

controlled in normally few angstroms per second enables the growth of high-

quality crystalline materials. In the MBE growth process, the desired material 

sources are deposited on a heated crystalline substrate in a form of molecular 

beams, realizing the formation of thin epitaxial films or desired nanostructures. 

The molecular beams come from the thermal-evaporated source materials which 

are stored in designated crucibles. In this thesis, solid source MBE system is 

utilized as the main growth technique for the researches. 

There are three main chambers for a typical MBE system, including load lock 

chamber, buffer chamber and growth chamber. Load lock chamber is designed 

for loading and baking wafers. Its vacuum level of ~10-8 Torr is slightly lower than 

that of growth chamber. Buffer chamber is designed for degassing and 

transferring wafers. It should have a similar vacuum level to growth chamber 

which is about ~10-10 to 10-11 Torr. The vacuum level of MBE growth chamber 

where growth procedures happen could achieve ~10-11 Torr when all pumps are 

working properly.  
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Before understanding the operation and growth mechanism of MBE growth, it is 

essential to have the fundamental knowledge of the vacuum technology. 

Pressure can be defined as a ratio of force applied uniformly on a unit area, 

shown as 𝑃 =
𝐹

𝐴
, where 𝑃 represents the pressure in pascal (Pa), 𝐹 means the 

force in newton ( 1 𝑁 = 1 𝑘𝑔 ∙ 𝑚 ∙ 𝑠−2 ) and 𝐴  is the area in 𝑚2 . The most 

commonly used parameters representing the pressure of a system are shown in 

Table 2.1. Hectopascal (hPa) is the 100 times multiple of Pa. Pressure also can 

be measured on barometric scale with unit of bar or µbar. Moreover, the unit of 

Torr, which is named by the Italian physicist Torricelli, is commonly used for the 

measure of pressure, representing the displacement of one millimetre of mercury 

(mmHg) in a manometer. In particular, Torr is the unit of pressure commonly 

measured in MBE system. Under an UHV environment in MBE, the ion gauge is 

used to measure the vacuum level, which is accurate in range between 10-3 Torr 

to 10-12 Torr. As the composition of gases in UHV is complex and unpredictable, 

a mass spectrometer is always applied together with ion gauge to accurately 

identify the vacuum level of MBE chamber.                      

 

Table 2.1 Conversion for unit of pressure. 

In the MBE system, in order to make the molecules or atoms in the molecular 

beam hit the surface of substrate without being scattered outside the beam, it is 

necessary to minimize the collisions among them. Therefore, the mean free path, 
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defined as the average distance of a particle traveling between two consecutive 

collisions with other particles, needs to be large enough at the typical environment. 

The equation for the term of mean free path 𝑙 of identical particles is shown in 

Equation 2.1 below, where 𝑃  represents the pressure, 𝑘  is the Boltzmann 

constant, 𝑇 is the absolute temperature in kelvin (𝐾) and 𝑑𝑚 is the molecular 

diameter. From the equation, it is clearly seen that the mean free path is inversely 

proportional to the pressure, which makes it highly relative to the vacuum level of 

environment. In addition, the molecular number density 𝑛  also has strong 

relationship with the pressure 𝑃, which can be calculated by Equation 2.2. In 

contrast to the mean free path, the molecular number density is proportional to 

the pressure.  

𝑙 =
𝑘∙𝑇

√2∙𝜋∙𝑃∙𝑑𝑚
2                   Equation. 2.1 

𝑃 = 𝑛 ∙ 𝑘 ∙ 𝑇                    Equation. 2.2 

According to the discussion above, the general information of mean free path and 

molecular number density of particles in the subdivisions of various pressure 

ranges is shown in Table 2.2. From the table, it is clearly shown that higher 

vacuum could result in longer mean free path and shorter molecular number 

density. Under the UHV environment in MBE system, the mean free path of 

source molecular beams is definitely large enough to prevent the collision with 

them before arriving the substrate surface. Taking the commonly used gas N2 as 

an example, the function of mean free path and molecular number density versus 

pressure in unit of hPa at 0°C is plotted in Figure 2.1, which offers an intuitive 

understanding [3].   
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Table 2.2 Pressure ranges in different vacuum level and their corresponding general mean 

free path of particles.  

 

Figure 2.1 Mean free path and molecular number density of N2 versus pressure at 0 °C 

[3]. 

Because of the significantly large mean free path under UHV environment in 

growth chamber, the evaporated molecular beam could not form mono-atomic 

materials but maintain its form in a molecular flow to the substrate. The effusion 

cells are directly faced to the substrate in order for the evaporated molecular 
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beam to travel in an identical distance and deposit on the substrate surface. The 

epi-ready substrate after well preparation processes (including baking, degassing 

and de-oxidation) will form tidy surface for subsequent growth. In cooperation 

with well-maintained UHV environment in growth chamber and high-purity source 

materials, the growth procedure can be prevented from contaminations. The 

molecular beam flux rate is decided by effusion cell temperature, and the shutters 

can be accurately controlled to fit variable requirements of the growth structure. 

The detailed growth mechanism will be demonstrated in chapter 2.2.8.  

For the III-V MBE system utilized in this thesis, due to the existence of a 

phosphorus cell, a specific phosphorus recovery system is established for the 

recovery of residue phosphorus after the growth of III-P materials. Figure 2.2 

shows a photo image of Veeco GEN 930 III-V MBE system with phosphorus 

recover system. There are eleven different solid effusion cells assembled in the 

growth chamber: two Indium (In), two Aluminium (Al), two Gallium (Ga) as group-

III sources, Arsenic (As), Phosphorus (P) and Antimony (Sb) as group-V sources 

and Silicon (Si) and Beryllium (Be) two dopant cells. Because the overall growth 

rate for III-V thin film growth is dominated by the beam flux rate of group III 

sources under group-V rich environment, two cells of same group-III material 

enable to have different growth rate, which is suitable for complex alloy growth. 

In addition, both the growth chamber and the phosphorus recover system are 

cooled by liquid N2 to around −140 °C.  
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Figure 2.2 Photo image of our Veeco GEN 930 MBE system with phosphorus recover 

system. 

In this thesis, the group III-V MBE system is connected with group IV MBE system 

to build a twin chamber MBE system, aiming at the realization of high-

performance optoelectronic devices integrated on Si platform. A photo image of 

the twin chamber MBE system is shown in Figure 2.3. The buffer chambers of 

both MBE systems are connected together to enable an UHV environment when 

transferring wafers between them. In group IV growth chamber, Si wafers are 

deoxidized, and then a Ge thin film is grown. Subsequently, the wafers can be 

transferred to group III-V growth chamber for growth of III-V laser structure 

through the connected buffer chamber in an UHV environment to avoid any 

potential contaminations. The superiority of precisely controlled molecular beam 

flux, growth temperature and UHV growth environment enables MBE to grow high 

quality quantum structures with accurate layer thickness and precise material 

composition, allowing the study of III-V QD.  
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Figure 2.3 Image of MBE twin chamber system. 

 

2.2.2. Load Lock Chamber 

Load lock chamber is the only chamber could be exposed to air in MBE system. 

All the wafer loading processes are carried out in load lock chamber. A trolley 

combined with a connected rail between load lock and buffer chambers is used 

for transferring wafers between both chambers. Therefore, a designated UHV 

value is set between load lock and buffer chambers to protect the vacuum 

atmosphere in buffer chamber. The vacuum level of load lock chamber is 

supported by turbo pump, cryopump and scrolls pump. Scroll pump is used 

initially to pump down from outside air atmosphere to ~10-2 Torr. Then, turbo pump 

will start to work and pump the atmosphere down to ~10-6. When the vacuum 

level is below ~10-4 Torr, the cryopump will be able to start pumping and 

eventually achieve a ~10-8 Torr vacuum level. As a preparation procedure for 
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outgas, baking is performed in load lock chamber at 200 ºC for 12 hours. Quartz 

lamp set inside chamber is used for heating up the sample.  

 

2.2.3. Buffer Chamber 

Buffer chamber is set between load lock and growth chamber to isolate them and 

protect the vacuum level of growth chamber. Normally, buffer chamber should be 

kept under a vacuum level similar to that of the growth chamber (~ 10-10-10-11 

Torr). As the load lock chamber is directly exposed to air during wafer loading, the 

ultra-high vacuum of buffer chamber could minimise the inflow of contaminations 

into the growth chamber and protect the vacuum environment of growth chamber. 

Another purpose of buffer chamber is to provide a proper place for wafer 

degassing process. There is a heat station located at buffer chamber which can 

degas one wafer at maximum temperature of 600 ̊C. Since some contaminants 

can be introduced during the degas process, it is necessary to shut the valve 

between buffer and growth chamber in order to prevent these contaminants from 

flowing into the growth chamber. The ion pump and the tantalum sublimation 

pump are used to capture and pump out the degassed particles (including oxygen, 

water, carbon, etc.). It can help to keep the vacuum level in buffer chamber and 

prevent contaminations into growth chamber. 

 

2.2.4. Growth Chamber 

Growth chamber is a major part of MBE system where molecular deposition 

happens. As a precise epitaxy is sensitive to the growth environment, a UHV 

condition with rare contaminations should be achieved. With the help of cryopump, 

the vacuum level can reach ~ 10-10 to 10-11 Torr. In addition, an ion pump 

cooperated with a tantalum sublimation pump is used to collect contamination 

particles to keep chamber in an ultra-clean condition. The ion gauge and residual 
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gas analyser (RGA) are used to monitor the vacuum level and contaminations 

inside the chamber. A beam flux monitor (BFM) is set to obtain the accurate 

molecular beam flux rate of different sources. A schematic structure for a typical 

MBE growth chamber marked with major components is shown in Figure 2.4. The 

chamber is cooled with liquid N2 through the cryo-panel. Different effusion cells 

are assembled horizontally inside the chamber. Each cell has a unique shutter to 

control the flow of molecular beam. There is another main shutter set above all 

cells to isolate the cells to the substrate holder. After preparation processes in 

load lock and buffer chamber, wafer can be placed on substrate holder, which is 

a part of continuous azimuthal rotation (CAR). CAR is a system combined with 

rotating substrate holder and corresponding heat station. It is possible to control 

the direction that the wafer is facing, enabling substrate holder to take an in-plane 

or off-plane rotation. The heat station can heat up the substrate to over 1000 °C 

for de-oxidation process. Generally, for III-As growth, the growth temperature will 

not be higher than 700 °C. During the growth, CAR is facing at effusion cells with 

the shutters opened and rotating in a clockwise or counter-clockwise way to let 

molecular beam depositing uniformly on the substrate. This is corresponding to 

the base position 0 ° at which the ion gauge will be covered by substrate. 

Therefore, at this position, it is not suitable for beam flux rate calibration as the 

cells are not directly facing the ion gauge. In order to correctly calibrate the beam 

flux rate, the CAR should be rotated to 180 °, allowing the ion gauge to face the 

effusion cells directly with the wafer surface behind. Another commonly used off-

plane CAR position is 90 °. It will make substrate holder face the valve of growth 

chamber used for transferring wafers between buffer chamber and growth 

chamber. The reflection high energy electron diffraction (RHEED) system is 

another crucial component of growth chamber. It consists of a RHEED electron 

gun and a corresponding phosphorus screen. Details of RHEED will be 

demonstrated in chapter 2.2.6.  
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Figure 2.4 Schematic diagram of the growth chamber of MBE system [4]. 

 

2.2.5. Effusion Cells 

In an MBE system, the effusion cells are normally mounted on the growth 

chamber, which makes them surrounded by cryo-panels cooled with liquid N2. It 

can therefore reduce the effect of heat radiation to the growth chamber. There 

are a large number of designs for the effusion cells based on different source 

materials and temperature required. A typical single filament effusion cell with a 

high standard pyrolytic boron nitride (PBN) crucible is shown in Figure 2.5. The 

crucible is used to store the source materials. The reason for choosing PBN 

crucible is that it is least reactive with most of the group III-V and group IV sources 

even at high temperature, including Ga and Al which are commonly believed as 

the highly reactive metals. The heater filament is used to uniformly heat the entire 

length of the crucible. The feedback of temperature is measured by a wrap-

around thermocouple. In addition, the crucible is surrounded by metal foil 

radiation shield, which is usually made of tantalum (Ta). It could reduce the heat 
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loss and suppress the heat radiating to the surrounding cryo-panel, improving the 

overall power efficiency. In addition, there is another type of effusion cell with two 

filaments, which can further improve the heating uniformity. The dual-filament 

effusion offers two independent heater filaments, a tip heater for the crucible lip 

and aperture regions and a base heater for the crucible body. Operating the 

source in a “hot-lipped” mode, in which the tip heater is warmer than the base, 

compensates for increased radiative heat loss in the lip region. Therefore, 

recondensation of the evaporated material is reduced, resulting in more uniform 

and reproducible beam fluxes. Since the two heaters are independent, the 

thermal gradient is variable depending on the size and position of the materials. 

Accordingly, the dual filament cell needs to be equipped with two thermocouples 

for temperature feedback of tip and base respectively. This kind of dual filament 

effusion cell is most commonly used for group III sources (except of Al). The dual 

filament effusion cell is not recommended for use with Al due to the high risk of 

damage to the cell. Al tends to wet and creep out the PBN crucible, and the “hot 

lip” accelerates the creep of material towards the lip of the source. If Al reaches 

the heat shielding and heater filament, the source is generally irreparable. If it is 

necessary to use a dual filament effusion cell for Al, the source should be 

operated using only the base filament. The resulting “cold lip” will help protect the 

source. Instead of dual filament cell, the standard single filament effusion cell 

shown in Figure 2.5 can be used for Al source without the concern of creeping 

out. During the growth, the opening and closing of source is controlled by 

switching the shutter set in the growth chamber above the crucible, which could 

block the beam flux.  
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Figure 2.5 The standard single-filament effusion cell for MBE [5]. 

For the group V materials, their effusion cells need some modifications. The 

growth of III-V thin film usually requires excess flux of group V materials to 

achieve a group V rich environment, which consumes a large amount of group V 

materials. Since refilling the source material needs to open the chamber, it will 

cause additional maintenance for the system. Thus, a larger volume of group V 

materials in effusion cell are desired to minimize the frequent refilling. Moreover, 

for the As cell, a ‘cracking zone’ is needed for the sublimated As to thermally crack 

into the required dimers before entering the growth chamber. Figure 2.6 presents 

the structure of Mark V 500cc As valved cracker cell utilized in the GEN 930 MBE 

system, which is designed to sublimate As into beam flux in the UHV environment 

of MBE system. The cell has three main parts, body, cracking head and valve. 

The body is the largest part of this cracker cell shown in the Figure 2.6 (10), 

containing the source material placed in the crucible. The loading port is 

presented in Figure 2.6 (1). The crucible set in the body is surrounded by heat 

resistance filament, realizing a bulk heating zone (usually called the “bulk zone”) 

with power connecter shown in Figure 2.6 (3). The thermocouple is set in the bulk 

zone to provide the temperature feedback, where the connector is presented in 

Figure 2.6 (5). In addition, a water-cooling system is set out of the bulk zone to 
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dissipate the extra heat, which could avoid the overheating and provide a precise 

control on the bulk zone temperature. The water port is shown as Figure 2.6 (2)(7). 

For the “cracking zone”, which is marked in Figure 2.6 (9), it contains a refractory 

metal cracking tube resistively heated with filament encircled. The thermocouple 

is set for the temperature feedback. The connector for both the heat filament and 

thermocouple is indicated in Figure 2.6 (11) and (4) respectively. The operation 

mode of cracking zone is decided by the temperature. Low temperature is used 

for an uncracked mode, in which the As passing through the cracking zone into 

growth module will become As4 molecular. In contrast, high temperature is set for 

a cracked mode, in which the As4 molecule will be thermally cracked to As2. At 

the top of the cracking tube, there is a disk-shaped and perforated nozzle 

indicated in Figure 2.6 (8), which is applied for improving the flux uniformity and 

the cracking efficiency. The valve part of this cracker cell is shown in the Figure 

2.6 (6), which controls the amount of sublimed As out of the crucible at typical 

bulk temperature. The valve is located inside the body at the exit of crucible and 

controlled through the rotation of valve driver that could translate the rotational 

setting into linear valve position. Therefore, this valved cracker cell for group V 

source materials does not need an extra shutter set inside the growth chamber 

to block the undesired beam flux during the growth. 
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Figure 2.6 The valved cracker As effusion cell for MBE [6]. 

 

2.2.6. Reflective High Energy Electron Diffraction 

The RHEED system is set in growth chamber for monitoring the growth process. 

It can reflect the atom reconstruction process at substrate surface. The RHEED 

gun emits electron beams onto the wafer surface, and the phosphorus screen is 

set for collecting the reflected electrons to present a pattern. The physics 

background of electron diffraction is based on Bragg’s law. The corresponding 

RHEED pattern achieved is in reciprocal space. Figure 2.7 shows a RHEED 

pattern of GaAs grown on native GaAs substrate. The straight sharp lines reveal 

a flat and smooth single crystalline epilayer surface.  
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Figure 2.7 RHEED pattern of GaAs grown on native GaAs substrate. 

  

2.2.7. Phosphorus Recover System 

The phosphorus recover system is set for the issue of residue phosphorus in 

growth chamber. The residue phosphorus could cause some issues for the 

growth of Si substrate as it has high sticking coefficient on Si atoms. If there is 

high phosphorus concentration in the growth chamber during the As-based 

growth, it may destroy the Si surface and cause unwanted As-P alloys. Moreover, 

the phosphorus is dangerous if exposed to air. Thus, it needs designated turbo 

and scroll pumps to pump phosphorus particles out and to capture particles 

without directly venting into air, respectively. The phosphorus recover system is 

cooled by liquid N2 to -90 °C from the separated cryo-panel. There is a UHV metal 

valve set between the growth chamber and the phosphorus recover system to 

isolate two chambers in a stable metal-to-metal contact.  
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2.2.8. Growth Mechanism 

MBE system provides a state-of-the-art thin film epitaxial deposition technique. It 

can deposit materials in a low growth rate about ~1 Å/sec which will lead to a 

precisely control in atomic level. Compared to other epitaxial growth techniques, 

such as LPE, CVD and MOCVD, MBE presents many advantages. MBE can 

deposit the film at a low substrate temperature to avoid the surface segregation 

and achieve smooth surface. In addition, the low growth rate of MBE brings 

precise control on the thickness, composition and doping level of epilayer. 

Moreover, MBE growth is carried out in an ultra-high vacuum environment, which 

could sufficiently suppress the contaminations and achieve high material quality. 

As thin film growth in MBE chamber is usually performed under a group-V rich 

environment, the overall growth rate and corresponding composition will be 

decided by the beam flux rate of group-III materials. As shown in Figure 2.8, there 

are three main growth modes in MBE system, including Frank van der Merwe, 

Volmer-Weber and Stranski-Krastanov growth modes. These growth modes 

highly rely on the surface energy difference between epilayer and substrate and 

the dissimilarity on lattice constant. Detailed explanation of these three growth 

modes is demonstrated below. 

Frank van der Merwe growth mode represents a 2D layer-by-layer growth method, 

and it is suitable for growing thin films in a flat and smooth surface. A schematic 

diagram of Frank van der Merwe growth mode is shown in Figure 2.8 (a). Frank 

van der Merwe growth mode is usually performed when lattice mismatch is small 

and the epilayer has smaller surface energy than the substrate. When the 

deposited atoms hit the surface, they will migrate until hitting a step edge and 

meeting with other adsorbed atoms in same atomic layer.  

Volmer-Weber growth mode, which is a 3D island-by-island growth method, is 

shown schematically in Figure 2.8 (b). The deposited atoms will easily be 

attached by other nearby deposited atoms and eventually form separated islands 
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shaped surface. Volmer-Weber growth mode is favourite for low-dimensional 

nano-structure growth. This growth method usually happens at material system 

with large lattice mismatch and the surface energy of epilayer is larger than that 

of substrate. However, for this growth method, it is easy to nucleate defects and 

make islands become combined together.  

Stranski-Krastanov growth mode can be considered as a kind of hybrid growth 

mode of Frank van der Merwe and Volmer-Weber growth modes, as shown in 

Figure 2.8 (c). Stranski-Krastanov growth mode usually occurs in material growth 

with moderate lattice mismatch. Under this growth mode, initially the growth is a 

2D layer-by-layer growth. The strain is accumulated with the increase of 

deposition thickness. When the thickness achieves a critical level, the growth 

mechanism switches to 3D island-by-island, allowing the relaxation of strains. 

The afterwards deposition will make the small islands grow up until reaching a 

ripened size. Stranski-Krastanov growth mode is widely used in the growth of 

self-assembled QDs, such as InAs/GaAs QD growth. The initial 2D layer of InAs 

deposited on GaAs is usually called the wetting layer. After a critical thickness 

around 1.5 monolayer (ML), the InAs QDs will be formed, where the size, shape 

and distribution of QDs are related to the lattice mismatch and the growth 

conditions.  
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Figure 2.8 (a) Schematic diagram of Frank van der Merwe growth mode. (b) Schematic 

diagram of Volmer-Weber growth mode. (c) Schematic diagram of Stranski-Krastanov 

growth mode. 

 

2.2.9. Operation of Molecular Beam Epitaxy 

In this section, detailed operation procedures from wafer loading to growth will be 

introduced. A Molly system is used for the control of MBE system. It can run the 

procedures in load lock chamber, buffer chamber and growth chamber, and 

monitor the data trend from ion gauge. In addition, recipe editing, beam flux rate 

calibration and control of cryopump valve and cells shutter are also controlled by 

Molly system.  

The whole operation process starts with loading wafer to the load lock chamber. 

As shown in Figure 2.9 (a), the epi-ready wafer will be placed on designated 3-

inch wafer holder and secured with tungsten retaining ring. An adapter can be 

applied if a partial wafer is used for the growth. As shown in Figure 2.9 (b), the 

retainer plate and spring plate sandwich the wafer, and the tungsten retaining ring 

could be firmly placed along the edge of wafer to ensure that the wafer is well 

held. A designated trolley is used to carry the wafer holders transferring through 

chambers. After loading the wafer into the load lock chamber, it will proceed an 
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intro bake at 200 °C for 12 hours in the load lock chamber. The baked wafer will 

be then transferred to degas station in the buffer chamber for 1 hour degas to 

clean surface contaminations. At the same time, calibration work can be done by 

incorporation with Molly system. The aim of calibration is to identify the accurate 

beam flux rate during the growth. It will further decide the growth rate for required 

materials. The beam flux rate can be precisely controlled by source temperature. 

Therefore, it is necessary to calibrate the cells temperature to achieve the 

required beam flux rate. The detailed steps for calibration work are listed below. 

1. Warm up the cells in 20 °C/ min to degassing temperature (usually 20-

30 °C above estimated temperature corresponding to needed beam flux 

rate). 

2. Degas the cells for at least 20 minutes. 

3. Cool down the cell temperature to estimated temperature and wait for 10 

minutes to ensure it become stable. 

4. Open each cell for at least 5 minutes to monitor the ion gauge reading, 

then shut the cell to read the background flux rate. Do simple calculation 

to get the actual beam flux rate for each cell. 

5. Compare the calculated beam flux rate to the required beam flux rate and 

use the relationship equation between beam flux rate and cells 

temperature to get the required temperature for each cell. 

6. Input the required cell temperature in Molly to finish the calibration work. 

After the calibration work, the wafer can be transferred from buffer chamber 

degas station to growth chamber. It will be placed on CAR substrate holder and 

turn to growth position. During deoxidation and growth process, the CAR will 

rotate in a clockwise way to let the materials grown uniformly on the substrate. 

The deoxidation temperature for GaAs substrate is usually around 550 °C set on 

Molly, but the actual temperature monitored by pyrometer should be a bit higher. 

After observing the RHEED pattern turning to straight sharp lines, the substrate 
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temperature is heated to 600 °C on Molly for 8 minutes to outgas the dioxide. 

High As pressure should be supplied during the deoxidation and outgassing 

process to protect the wafer surface, which could suppress the decomposition of 

GaAs at high temperature. After all these steps, the deoxidation process is 

finished, and the wafer is ready for subsequent growth. The growth process will 

be automatically running by Molly based on growth recipe edited in advance. 

RHEED will help to monitor the growth process especially for buffer growth and 

QD formation. 

 

Figure 2.9 Veeco’s UniblockTM wafer holder for MBE [7]. 
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2.3. Characterisation Methods 

2.3.1. Atomic Force Microscopy 

In this thesis, AFM is used to investigate the surface morphology of samples. It 

can provide either 2D or 3D image to examine the surface. The tapping operation 

mode (tapping in air) is chosen for measuring thin film and QD samples. A 

schematic diagram of typical AFM operating principle is shown in Figure 2.10. By 

using the atomic force between cantilever and sample surface, AFM can measure 

the reflected laser beam based on the vibration of tip. The cantilever will move in 

the surface plane to scan the surface morphology of sample. In the meantime, 

according to the route the cantilever passed, tip will vibrate in the direction 

perpendicular to the surface plane to feedback the information of surface 

morphology to laser beam. Photo-detector is set to collect all the information from 

reflected laser beam. Generally, under tapping mode, there is still a small gap 

between tip and sample surface to allow the tip to have enough space to vibrate. 

It needs to be mentioned that when moving down the tip to approach the sample 

surface, it is necessary to make it slow to prevent directly contacting the surface 

and causing damage to the tip. Figure 2.11 (a) and (b) shows a typical 3D and 

2D image of uncapped InAs/GaAs QD sample, respectively. From the AFM image, 

it is possible to calculate the QD density and dimensions. For thin film sample, as 

shown in Figure 2.12 (a), surface morphology of root mean square (RMS) can be 

obtained. Moreover, AFM can be used to investigate the antiphase boundaries 

(APBs) issue caused by polar III-V material grown on non-polar group V platform. 

Compared with Figure 2.12 (a), Figure 2.12 (b) presents a typical AFM image of 

GaAs grown on exact (001) Si showing clear sample surface with APBs. In this 

thesis, QD calibration samples are grown with extra one-layer uncapped QDs 

above the active region and upper cladding layer for AFM measurements.   
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Figure 2.10 Schematic principal diagram of AFM. 

 

Figure 2.11 (a) 3D 1 µm×1 µm AFM image of InAs/GaAs QD grown on GaAs substrate. 

(b) 2D 1 µm×1 µm AFM image of InAs/GaAs QD grown on GaAs substrate. 

 

Figure 2.12 (a) 5 µm×5 µm AFM image of GaAs grown on offcut Si substrate. (b) 10 

µm×10 µm AFM image of GaAs grown on exact (001) Si substrate showing APBs. 
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2.3.2. X-Ray Diffraction  

Alloys are commonly used in III-V compound semiconductors like InxGa1-xAs, 

AlxGa1-xAs and InxAl1-xAs. In compound III-V alloys, different compositions decide 

lattice parameter and bandgap energy. Therefore, it is crucial to use XRD to 

investigate the accurate composition, thickness and strain for compound 

semiconductor alloys. In principle, XRD obeys the Bragg’s law (𝑛𝜆 = 2𝑑 sin 𝜃) and 

it can measure the diffractions between periodical lattice structures (unit cells). 

Bragg diffraction occurs when the wavelength of incident radiation wavelength λ 

is comparable to the atomic space. For the crystalline materials, the constructive 

interference happens between the reflected waves from successive lattice planes 

with a distance of d. The scattering peak can be observed when the incident angle 

equal to the scattering angle and the pathlength difference is equal to the inter 

multiple of radiation wavelength. Figure 2.13 shows a schematic diagram of the 

mechanism of XRD. An X-Ray source will emit X-Ray to the sample surface with 

an incident angle of θ. After passing the interface of each lattice planes, when the 

interaction between incident ray and diffracted ray (with angle to incident ray ω) 

satisfy the Bragg’s Law, these X-Ray beams will be detected. After scanning a 

range of 2θ for incident angle, the detected data will be proceeded to achieve a 

diagram of ω-2θ versus the intensity.  

 

Figure 2.13 Schematic diagram of the mechanism of XRD [8]. 
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2.3.3. Photoluminescence 

As a crucial measurement technique in this thesis, both room temperature and 

temperature dependent PL are used to investigate the optical properties of 

samples. A schematic diagram for the mechanism of PL is shown in Figure 2.14. 

In principle, PL is a photon emitting process where carriers in specimen are 

excited by higher photon energy optical source. Therefore, usually the PL 

measurement needs an excitation laser source with photon energy higher than 

the bandgap energy of the sample under measurement. The high energy photons 

will excite the electrons in valence band into the conduction band, leaving behind 

holes. After internal conversion and vibrational relaxation to the band edge, 

carriers will recombine and radiate photons with bandgap energy. Then these 

photons will be detected and proceeded to form a PL spectrum. The 

recombination processes consist of both radiative and non-radiative 

recombination. The PL intensity could be used to identify the radiative 

recombination process, providing a general explanation on optical property and 

material quality of the sample, as well as proper instructions for the next-step 

optimization. 

 

Figure 2.14 Schematic diagram for the mechanism of PL. 
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The room temperature PL mapping system used in this thesis is RPM-2000 which 

has a sample stage up to 6-inch with three different wavelength laser options (532 

nm, 635 nm, 980 nm). The sample stage will be pumped to a vacuum atmosphere 

during the measurement. The system has three different gratings with seven 

energy filters. The PL emission from the sample will be focused by lens and 

coupled into a monochromator. The width of slide set before the monochromator 

can be adjusted to change the volume of light propagating into the detector. After 

passing the grating and extended optical route, the PL emission will be collected 

by a detector. For detector, InGaAs and charge-coupled device (CCD) detector 

can be used, depending on the wavelength range from visible light to 2.1 µm. 

This PL mapping system can give a quick understanding of the optical property 

of whole wafer and help to assess the quality check of calibration works. A photo 

image of PL mapping system used in this thesis is shown in Figure 2.15.  

 

Figure 2.15 Photo image of PL mapping system RPM-2000. 

The whole setup of temperature dependent PL is on an optical stage with a 72 

mW, 532 nm green laser and a Ge and a Si photodetector shown in Figure 2.16. 

The sample holder is a copper pad with good thermal conductivity. A cover with 

ring locker is used to isolate the sample holder from outside air. A vacuum pump 

is worked on 1500 Hz to provide a vacuum condition during the measurement. 
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The cooling system is supported by liquid Helium compressor which could cool 

down the sample temperature to below 10 K.  

 

Figure 2.16 Photo image of the temperature dependent PL setup. 

 

2.3.4. Scanning Electron Microscope 

SEM generates a variety of signals at the surface of solid objects by using a 

focused beam of electrons. The signals produced by interactions between sample 

and electron beam provide the information about the sample including its surface 

morphology, microstructure and chemical composition. The signals of sample can 

be detected by several types of detectors based on the chosen mode of SEM. 

For the surface morphology of semiconductor samples, SEM is suitable for not 

only the lateral scan to provide information of surface texture in variable scale 

from 5 µm to 1 cm, but also the cross-section scan to reveal the microstructure 

of sample. As shown in Figure 2.17, the cross-section image of a fabricated QD 

laser device illustrates the mirror-like facet of as-cleaved laser cavity. Also, the 

microstructure of sample is able to be clearly distinguished in different color 



110 

 

shade. In addition, the corresponding layer thickness can be obtained, which 

helps to calibrate the growth rate of MBE.  

 

Figure 2.17 Typical cross section SEM image of a fabricated broad-area QD laser grown 

on Si substrate showing mirror like facet [9].  

As shown in the schematic diagram of an SEM instrument in Figure 2.18, the 

essential components of SEM are indicated, including electron gun, condenser 

lenses, scan coil, sample stage, different detectors for all signals of interest and 

a data output device. The original electrons are which come out from the electron 

gun area accelerated after passing through the condenser lens and scanning coil, 

carrying with a large amount of kinetic energy. The sample is cut into a piece 

according to the specific requirement and adhered on a rotating platform allowing 

the measurement of sample on different angles. The accelerated incident 

electrons impinging the sample could result in different types of electron-sample 

interactions. These interactions will provide various signals including secondary 

electrons, backscattered electrons, diffracted backscattered electrons, X-rays, 

cathodoluminescence and heat. Among them, the secondary electrons and 

backscattered electrons, which are generated by inelastic scattering of sample 

and electrons, are normally utilized for producing SEM images. Secondary 

electrons are considered as the key aspect on demonstrating the morphology 

and topography of sample. The higher volume of secondary electrons usually 

could provide higher resolution on the details of SEM image [10, 11]. The 

backscattered electrons are commonly believed to be valuable on presenting 

contrast in different compositions of the sample. The diffracted backscattered 
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electrons from the sample can be detected on the phosphor screen by electron 

backscatter diffraction (EBSD) system to identify the crystalline structure and 

crystalline orientation. Moreover, an energy dispersive detector can be integrated 

in the SEM to characterize the X-ray generated from different elements. This is 

always called energy-dispersive X-ray spectroscopy (EDS) system, which offers 

element composition map over the sample. All these features make SEM become 

the most functional multipurpose electron microscopy in the research of different 

kind of materials. In this thesis, SEM is normally used to identify the surface 

morphology in low dimensions and define the thickness and microstructure of epi-

layer.  

 

Figure 2.18 Schematic demonstration of the principle of SEM [12]. 
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2.3.5. Transmission Electron Microscope 

TEM is considered as a powerful instrument which could give a direct view on the 

crystallographic information of the sample. Different to SEM instrument based on 

the scattered electrons, TEM system relies on the transmitted electrons. 

Compared with AFM and SEM normally used for investigating the surface 

information of sample, TEM is able to obtain the details of crystallisation and 

defects generated inside the materials. Noted that the measurement of TEM 

images in this thesis are all done by our cooperating research groups. The 

obtained images are utilized to analyse the QD morphology, threading dislocation 

density, effect of dislocation filter, APB formation and APB annihilation. As shown 

in Figure 2.19 (a), the cross-section TEM image of GaAs buffer layer grown on Si 

substrate clearly shows the generation and propagation of threading dislocations. 

In addition, Figure 2.19 (b) provides an example of QD layer in active region 

measured by TEM, with a high contrast between different epi-layers. The inset 

image of a typical InAs QD provides the direct understanding on the morphology 

and dimension of capped QD in the active region. 

 

Figure 2.19 (a) Cross section TEM image of GaAs buffer grown on Si showing 

dislocations. (b) Cross section TEM image of five stacks of InAs/GaAs QD layers as active 

region of a laser device; inset: TEM image of a single QD. 
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Chapter 3  
 

Quantum Dot Growth Optimization 
 

 

3.1. Introduction 

In order to achieve the high-performance quantum dot (QD) laser, it is of great 

importance to obtain high-quality QD active region. Since the growth conditions 

mentioned in Chapter 2.1, including deposition temperature, growth rate, flux 

reading and vacuum level, are coupled and thus could affect the morphology and 

the optical properties of QD layers synergistically or anti-synergistically, it is 

important to obtain the optimum growth parameters for the high-quality QD layers. 

Many literatures have undertaken various studies with comprehensive analysis 

either theoretically or experimentally about different aspects for the QD growth 

parameters, which provides a general guidance for the optimization in this section 

[1-6]. However, due to the variability in the calibration and maintenance of 

molecular beam epitaxy (MBE) system, there are no universal settings for the 

growth of QDs. In order to avoid the variations caused by MBE calibration, the 

optimization process performed in this section is a continuous growth of a series 



115 

 

of samples in an identical III-V MBE system with constant calibration. The vacuum 

level, beam flux and thermocouple temperature are maintained stable.  

In order to enhance the performance of QD lasers, both the homogeneity and the 

surface density of QDs in active region need to be improved. Improving the 

homogeneity of QDs, which suppresses the inhomogeneous broadening effect, 

requires a high QD uniformity. However, the current epitaxial method—self-

assembled QD growth—could not totally eliminate the effect of inhomogeneous 

broadening but only maintain it at a lower level. In addition, the surface density of 

QDs in active region can be increased by depositing multiple QD layers and/or 

increasing the QD density in a single layer. Although the former way is much 

easier, simply increasing the number of QD layers will cause the accumulation of 

residue strain, leading to a degradation of upper layer QD quality. According to 

the previous research, the optimum number of QD layers is usually between 5~10 

[7-12]. The increase of QD density could enhance the saturated gain as the 

saturated gain of an ideal QD laser is proportional to the surface density of QDs 

(𝑔𝑠𝑎𝑡 ∝ 𝑁𝑄𝐷) [7]. However, according to the derivation in Equations 1.16 and 1.17, 

the threshold current density and the transparency current density are also 

proportional to QD density, which means the increase of QD density will 

eventually lead to a corresponding increase of both threshold current density and 

saturated gain. Therefore, in order to balance a high saturated gain and a low 

threshold current density, the optimized density of QDs is necessary. According 

to the previous researches, when the QD density is lower than 1011 cm-2, with the 

assumption of same radiative lifetime, the QD lasers could have lower 

transparency current density than quantum well (QW) cases [7]. In this section, 

the optimization process and the effect of various growth parameters towards to 

the high density, high uniformity InAs/GaAs QD layers with O-band emission are 

demonstrated in details.  
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3.2. Quantum Dot Growth Method 

3.2.1. Self-assembled Quantum Dots 

Efficient and reproducible ways to fabricate QDs have been experimentally 

studied in decades [13]. Since 1990s, considerable researches of directly 

growing QDs on lattice mismatched system based on Stranski–Krastanow growth 

mode have been performed [14-18]. The formation of QDs based on this growth 

method is energetically favourable, so that the QDs spontaneously appear during 

the epitaxial process. Therefore, it is normally called self-assembled QDs or self-

organized QDs. The self-assembled growth process of QDs is shown 

schematically in Figure 3.1. Taking the growth of InAs on GaAs as an example, 

for the initial few monolayers (ML), which is usually ~1.5 ML, the In and As 

molecules could arrange themselves to form a fully strained planar wetting layer. 

Once above the critical thickness, the comprehensive strain energy introduced 

from lattice mismatch will be elastically relaxed by spontaneously forming three-

dimensional clusters upon the wetting layer. During the subsequent deposition, 

the In and As molecules will gather at the clusters and eventually form pyramid-

shaped QDs. The self-assembled QDs have been demonstrated in a large 

amount of material systems, such as InAs/GaAs, InAs/InP, InGaP/GaP, and Ge/Si 

[19-26].  

 

Figure 3.1 Schematic diagram of self-assembled InAs QDs grown on GaAs substrate, (a) 

two-dimensional (2D) growth before critical thickness; (b) transiting to three-
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dimensional (3D) growth and forming QDs; (c) 3D growth and enlarging the QD size. 

[27]. 

The lattice mismatch between the deposited material (such as InAs) and 

substrate (such as GaAs) also plays an important role on the size of QD. In 

addition, by varying the growth conditions such as deposition thickness, substrate 

temperature and III/V ratio, the size of QD can be adjusted within a typical range. 

Under a certain environment, the interaction between strain energy, surface 

energy and edge energy of QDs results in stable distribution of QD. Meanwhile, 

the size of QDs leads to a shift of emitting wavelength. In general, for the 

application of QD laser, it can be summarized that the larger dots lead to a longer 

wavelength emission and the smaller dots correspond to a shorter wavelength 

emission. In this thesis, only InAs/GaAs QDs are studied in detail, aiming at the 

achievement of high-performance O-band emission.   

The self-assembled growth method is a no-mask process, allowing to form a high 

density of QDs in one short-time deposition without lithography or etching. The 

size and distributions of QDs can be adjusted by varying the parameters of growth, 

making it possible to realize the required emission wavelength and a high 

uniformity. Besides, the self-assembled QDs can be epitaxially capped by 

subsequent growth of thin film host materials without generating additional 

defects. According to the above benefits, self-assembled QDs have become the 

most widely used method to produce high quality QD layers for the application of 

optoelectronic devices.  

 

3.2.2. Relationship Between Lattice Mismatch and Critical Thickness 

The strain accumulation and relaxation process introduced from lattice mismatch 

are commonly considered as a crucial aspect in the heteroepitaxy, which decide 

not only the nanostructure of epi-layer but also the corresponding electronic 

property. For the heteroepitaxy between lattice mismatched layers, it has been 
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convinced that above a certain thickness, the misfit dislocation will cause a series 

of breakdown of coherence on the epi-layer [7]. This thickness is normally called 

critical thickness, which is defined as the thickness when the misfit dislocation 

starts to nucleate. Here, in this section, the relationship between lattice mismatch 

and critical thickness in the growth of self-assembled QDs will be briefly illustrated.  

 

Figure 3.2 Reflection high-energy electron diffraction (RHEED) image of QD formation 

processes, (a) The deposition of wetting layer; (b) Transformation to QD growth. 

Before discussing the critical thickness in the heteroepitaxy, it is worth to first 

emphasize the strong relationship between lattice mismatch and the three growth 

modes in MBE. For the small lattice-mismatched growth with less surface energy 

of epi-layer to the substrate, the epitaxial mode is the Frank van der Merwe mode, 

namely a layer-by-layer growth. For the large lattice-mismatched growth with 

much greater surface energy of epi-layer to the substrate, it will follow a Volmer-

Weber growth mode—three-dimensional island growth. Last, Stranski–

Krastanow growth mode usually happens at the epitaxy between moderate 

lattice-mismatched materials, where the layer-by-layer growth at the initial stage 

later transformed to the island-by-island growth. In the Stranski-Krastanow 

growth mode, the strain from lattice mismatch is accumulated with the increase 

of layer thickness. When the thin film reaches a critical thickness, the strain will 

be released by forming small islands. The subsequent deposition will help the 



119 

 

island to grow up to a designated size, eventually achieving the self-assembled 

QDs free of dislocations. Therefore, lattice mismatch between epi-layer and 

substrate is widely considered as a main driving force for the self-assembled QD 

growth. In the case of In(Ga)As grown on GaAs, depending on the In composition, 

the mismatch can reach to 7% on lattice constant.  

During the growth process, the transformation of epi-layer can be observed by 

reflection high-energy electron diffraction (RHEED) system, which could clearly 

monitor the surface morphology. In Figure 3.2, the formation processes of QD are 

illustrated. The In(Ga)As was firstly deposited in two-dimensional thin film to form 

wetting layer. After the deposition above the critical thickness, the RHEED pattern 

is transformed from streaky 2D thin film (Figure 3.2(a)) to spotty 3D islands 

(Figure 3.2(b)), indicating the self-assembling of QD layer. Therefore, observing 

the RHEED pattern can experimentally identify the transformation timing and the 

critical thickness. Figure 3.3 summaries the critical thickness of InxGa1-xAs epi-

layer grown on GaAs substrate to form self-assembled QDs with different In 

composition. Apparently, for the weakly strained InxGa1-xAs with less than 20% In 

composition (x≤0.2), the epi-layer tends to form misfit dislocations to 

accommodate the lattice mismatch. In contrast, for the highly strained InxGa1-xAs 

with over 50% In composition (x≥0.5), the 2D epi-layer growth will transform to 

3D growth of QDs before the formation of misfit dislocations. For the growth of 

InAs QDs on GaAs, in general, the critical thickness of InAs is experimentally 

found to be around 1.5 ML, despite the variability of growth conditions [28]. The 

critical thickness usually increases with the decrease of lattice mismatch, e.g. the 

critical thickness for In0.5Ga0.5As QDs grown on GaAs is ~4 ML [29, 30]. 
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Figure 3.3 Critical thickness of transforming from 2-D to 3-D in a function of In 

composition in InxGa1-xAs/GaAs system [7]. 

3.2.3. Quantum Dot Dynamics 

The growth mechanism of InAs QDs is far-from-equilibrium process. Therefore, 

it is important to understand the dynamic of growth process of QDs, which could 

determine the morphology and distribution. The dynamic processes of QDs 

deposited on a heated substrate are shown schematically in Figure 3.4, which 

consists of the QD nucleation, surface migration, adsorption, and intermixing. 

These dynamic processes of QDs are normally impacted by two main factors. 

First factor is the surface condition before depositing QDs, which is highly related 

to the substrate material properties, such as the orientation, the composition 

gradient between the QD material and substrate material, the surface roughness 

and the strain introduced by lattice mismatch. The second factor is the growth 

conditions, including growth rate, growth temperature, V/III ratio and deposition 

thickness. These growth conditions could not only affect the surface density of 

QDs, but also influence the size, shape and distribution of QDs. Therefore, the 

dynamic process of formation of QD is complicated, which affects the whole 

epitaxial growth process. In the following sections of this chapter, the impact of 

various growth conditions and the optimization methods are demonstrated with 

the experimental evidence.  
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Figure 3.4 Schematic demonstration of QD dynamics on the heated host substrate with 

intermixing, adsorption, island nucleation and coalescing, surface migration and re-

evaporation [27]. 

3.3. Study of Quantum Dot Growth Parameters 

For a designated material system, the growth conditions mentioned above in the 

previous section could synergistically affect both the morphology and the optical 

properties of QD layer. As a result, the different parameters are required to be 

optimized to achieve an improvement. In this chapter, the research is focusing on 

the optimization of InAs/GaAs QD growth aiming at achieving the high density 

QD layer with O-band emission and narrow photoluminescence (PL) spectrum.  

In our previous researches, extraordinary achievements about QD lasers have 

been demonstrated, featuring on the low threshold, high power, high temperature 

stability etc [31-34]. The calibration samples discussed in this section are 

optimized based on our standard growth method which usually shows a QD 

density of ~3.5 ×1010 cm-2. All the samples are grown on the 3-inch N-type GaAs 

(001) substrates. The standard epitaxial structure is shown schematically in 

Figure 3.5. The 200 nm GaAs buffer layer is deposited at 600 °C with a growth 

rate of 0.6 ML/s upon the epi-ready substrate to bury the surface contaminations 

and flatten the surface. Following with the buffer layer, 100 nm Al0.4Ga0.6As layer 

was deposited at 610 °C to act as the cladding layer. The 50 nm GaAs layer was 

grown subsequently as the barrier for active region. The active region consists of 
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five repeats of dot-in-well (DWELL) structure, in which each repeat involves four 

layers including In0.16Ga0.84As pre-layer, 2.8 ML InAs QD layer, In0.16Ga0.84As 

capping layer and GaAs space layer. The InAs QD layer is sandwiched by 

In0.16Ga0.84As pre-layer and In0.16Ga0.84As capping layer, forming the DWELL 

structure. The DWELL structure has attracted extensive research interests, 

featuring on its longer emission wavelength closer to 1.3 µm and higher efficiency 

of carrier capture [35, 36]. These advantages make DWELL structure obtain 

superior optical properties [37].  

 

Figure 3.5 Schematic illustration of a standard InAs/GaAs QD structure on GaAs 

substrate for calibration.  

Prior to the deposition of In0.16Ga0.84As capping layer over the InAs QDs, the 

growth interruption is usually performed. In other words, couples of seconds 

waiting time with the supply of proper As pressure is usually performed, which 

could give enough time for QDs to become fully ripened and lead to an evident 

variation on the distribution of QDs. In the past decades, the general growth 

interruption after the deposition of QDs has been well investigated by many 
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researchers [1, 38, 39]. By comparing the samples of InAs QD layers with 

different duration of interruption, Ledentsov et al reported a variation of dot size 

with interruption, corresponding to the change of emission wavelength [40]. 

Additionally, the interruption is always considered as a useful tool to improve the 

uniformity of QDs [39]. During the growth interruption, it is necessary to maintain 

a reasonable value of As pressure to prevent the surface decomposition and the 

increase of defects. It is also reported that the increase on the time length of 

interruption does not show obvious change on the size of QDs, indicating that the 

achievable size of QDs by the growth interruption is limited due to the existence 

of equilibrium size of QDs [40]. For the samples grown in this section, 10 second 

of growth interruption is performed with a supply of high As pressure. 

After depositing the InGaAs capping layer, the In-flush annealing is usually 

applied to evaporate out the large coalesced dots and reduce the size distribution 

of QDs [36, 41-43]. Prior to the In-flush annealing, the InAs QDs are partially 

capped by 4 nm InGaAs capping layer. The In-flush annealing process will heat 

up the substrate from the growth temperature of InGaAs capping layer ~500 °C 

to the growth temperature of GaAs space layer ~ 600 °C to evaporate out the 

uncapped large coalesced dots. Annealing process usually last for around 5 mins, 

which could improve the uniformity of QDs and full-width-at-half-maximum 

(FWHM) of PL spectrum. The last repeat of GaAs space layer will act as the upper 

barrier of active region. Following the deposition of active region, 100 nm AlGaAs 

upper cladding layer is grown. In order to investigate the QD morphology with 

atomic force microscope (AFM) measurement, an uncapped InAs QD layer is 

deposited on the top of sample at the same growth condition with the active 

region. The uncapped InAs QDs have no contribution to the emission.  

The device performance of QD laser is critically determined by the growth 

parameters of self-assembled InAs QDs in DWELL structure. These parameters 

include deposition temperature, V/III ratio, deposition thickness and growth rate. 

The combined effects of these parameters influence the morphology and optical 
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properties of QDs in a complex manner, resulting in a trade-off relationship 

between parameters for the optimization of overall performance. In this section, 

the optimum QD sample emitting at O-band with a high QD density over 5×1010 

cm-2 is targeted, with a relatively high PL intensity and a narrow FWHM ~30 meV.  

During the optimization, PL measurements are performed with a RPM2000 PL at 

room temperature, excited by a 635 nm red laser with maximum power of 100 

mW. By analyzing the obtained PL spectrum, the information of peak wavelength, 

FWHM and PL intensity can be illustrated. In general, the PL intensity indicates 

the material quality and the FWHM provides a way to understand the 

inhomogeneous broadening of the material which is related to the uniformity of 

QDs [44]. The relatively high PL intensity could help to improve the laser threshold 

and the narrower FWHM could help to improve the differential gain, linewidth 

enhancement factor and slope efficiency [45, 46].  

In addition to the PL measurement, the morphology of uncapped QDs is 

measured by Veeco Nanoscope Dimension™ 3100 AFM under tapping mode to 

gives a clear understanding on the density and uniformity of QDs. Besides, the 

coalesced dots can be also observed in AFM images, which are usually larger 

than normal QDs. In the our standard QD growth conditions, there are usually 

about 100 coalesced dots in a 5 µm×5 µm AFM image, corresponding to the 

density of 4×108 cm-2. The coalesced dots can be considered as no contribution 

to the PL emission. Although most of the coalesced dots can be evaporated out 

in the In-flush annealing process, too high density of coalesced dots could 

indicate a low material quality of the QD layer.  
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3.4. Optimization for High-Density Quantum Dots 

3.4.1. Effect of Deposition Temperature 

In this section, the effect of deposition temperature on QD is investigated in detail. 

In general, the variation of growth temperature affects not only the shape and 

distribution of QD, but also the related optical properties. In principle, the adatom 

diffusion length and desorption rate of In are dominated by deposition 

temperature.  

At higher temperature, the diffusion length of In adatoms are longer, enabling the 

adatoms to more easily incorporate with the nucleated QDs instead of forming an 

new QD. As a result, until achieving a critical dot size which cannot relax the strain 

efficiently, the higher temperature could lead to a lower QD density and larger QD 

size. In addition, higher temperature also promotes the absorption process 

between QDs, allowing the smaller dots to be easily absorbed by larger dots and 

thus improving the uniformity of QD distribution. However, when the temperature 

increased to an extreme limit, the stick coefficient of In will be saturated and 

desorption rate will increase continuously, inducing the re-evaporation of QDs. 

Thus, the size of QD will begin to decrease with further increase of temperature. 

On the other hand, QD deposited at low temperature could bring a high density. 

However, the size of QD will be small and the size distribution will be broader with 

the decrease of temperature, which degrades the uniformity of QDs.  

Therefore, for achieving high density QDs with good uniformity, it is not a simple 

solution to reduce the temperature as much as possible. This is because the 

uniformity and emission wavelength are hard to be sustained at the low 

temperature. Instead, it is necessary to find a relative high temperature which 

could balance all the properties. 

According to the discussion above, the optimization of QD density could follow 

two ways. One option is to gradually increase the temperature from a low 

temperature with much higher QD density and optimize the optical properties by 
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other approaches. The other option is to gradually decrease the temperature from 

a high level which is relatively over heated.  

For the optimization of InAs/GaAs QDs in this section, the approach gradually 

decreasing the temperature from a relative high point was adopted, which could 

maintain a high QD uniformity and good optical performance of InAs QDs. As 

shown in Figure 3.6 (a-b), the 1 µm×1 µm AFM images of calibration samples 

with uncapped QDs deposited at 510 °C, and 505 °C are presented, respectively. 

Their corresponding 5 µm×5 µm AFM images are also shown in Figure 3.6 (c-d), 

which are normally used for the identification of coalesced dot density. PL 

measurement was performed on all the samples to investigate the optical 

properties. Based on our previous researches on QDs growth, the initial 

deposition temperature for QDs was set at 510 °C, resulting in a QD density of 

3.2×1010 cm-2 which is at the same level as our previous results (3~3.5×1010 cm-

2) [33, 47]. The PL peak wavelength appeared at 1270 nm, which is in O-band 

but shorter than our desired 1300nm. In addition, there are 40 coalesced dots 

observed in the 5 µm×5 µm AFM image, leading to coalesced dot density of 

1.6×108 cm-2 which is lower than our standard results (~5×108cm-2). These results 

indicates that a higher temperature than a certain critical level promotes re-

evaporation of QDs, which reduces both the size and density of QDs. When 

decreasing the deposition temperature to 505 °C, the QD density was increased 

to 3.8 × 1010 cm-2. The coalesced dot density shows similar values with small 

variation, corresponding to 1.5×108 cm-2 for 505 °C, which is similar to the level 

of coalesced dot density for 510 °C. These results indicated that even 505 °C is 

still over heated for the optimized deposition temperature of QDs.  
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Figure 3.6 (a-b) 1 µm×1 µm AFM images showing the QD morphology for samples with 

variable QD deposition temperature of (a) 510 °C and (b) 505 °C; (c-d) 5 µm×5 µm AFM 

images showing the coalesced dots for samples grown with variable QD deposition 

temperature of (c) 510 °C and (d) 505 °C. 
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Figure 3.7 (a-b) 1 µm×1 µm AFM images showing the QD morphology for samples with 

variable QD deposition temperature of (a) 500 °C and (b) 495 °C; (c-d) 5 µm×5 µm AFM 

images showing the coalesced dots for samples grown with variable QD deposition 

temperature of (c) 500 °C and (d) 495 °C. 

Further decrease of deposition temperature of QD layer was performed in the 

subsequent growth, where other growth conditions remain unchanged. The AFM 

images of the QDs with varying deposition temperature from 500 °C to 495 °C 

are illustrated in Figure 3.7,in which (a-b) and (c-d) show the 1 µm×1 µm and the 

5 µm×5 µm AFM images, respectively. It is found that the QD density increases 

from 3.8 × 1010 cm-2 to 4.5 × 1010 cm-2 with the decrease of temperature from 

505 °C to 500 °C, but the coalesced dot density does not increase dramatically. 

At 500 °C, the coalesced dot density is calculated to be ~ 2.5 × 108 cm-2 which is 

similar to the level with higher deposition temperature. However, the further 

decrease of growth temperature from 500 °C to 495 °C shows an evident 

increment on the coalesced dot density, which increases to 5.3 × 108 cm-2 for 

495 °C. In addition, the QD density at 495 °C increases to 5.0 × 1010 cm-2, which 
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satisfies our aim on a high QD density. For the sample grown at 495 °C, the 

coalesced dot density is similar to the standard results. Considering the obvious 

rise on coalesced dot density, it is clear that the QD deposition temperature is not 

over heated at 495 °C. The relatively lower growth temperature leads to a shorter 

diffusion length and lower desorption rate, which could help to increase the QD 

density. In addition, the reduced desorption rate suppresses the re-evaporation 

of coalesced dots, causing the increase of defected-dot density. It needs to be 

pointed out that these AFM images are obtained from the uncapped QD layers. 

The large coalesced dots which appeared on the images do not contribute to the 

emission. The emerging of coalesced dots may relate to the point defects and 

most of them could be evaporated out during the In-flush annealing process after 

capping.  

 

Figure 3.8 PL spectrums for samples with InAs/GaAs QDs deposited at different 

temperature. 

The PL results shown in Figure 3.8 indicate that the peak wavelength decreases 

with the decrease of deposition temperature from 510 °C to 495 °C. In other 

words, the emission wavelength moves towards to the wavelength of 1.3 µm. In 
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addition, the variations on PL peak wavelength are getting smaller with the 

temperature decrease, which also indicates the existence of a saturated size of 

QDs under certain growth condition. A clear decrease on PL intensity can be 

found at 495 °C, which may due to the increase on coalesced dot density. In 

addition, the decrease on deposition temperature does not cause an obvious 

variation on the FWHM of PL spectrum.  

The parameters of QD density (shown as the numbers counted in 1 µm×1 µm 

area), coalesced dot density (shown as the numbers counted in 5 µm×5 µm area), 

PL wavelength and PL FWHM versus the variation of the temperature between 

510 °C and 495 °C are summarized in Figure 3.9. As shown in Figure 3.9 (a), 

almost linear relationship between QD density and deposition temperature was 

revealed at this certain temperature range. In addition, a clear rise of the 

coalesced dot density can be observed in Figure 3.9 (b) below 500 °C. Together 

with the PL peak wavelength shown in Figure 3.9 (c), the optimum temperature 

for high density QDs with O-band emission under certain growth conditions was 

found to be 495 °C. Moreover, the small variation of PL FWHM shown in Figure 

3.9 (d) indicates that the uniformity of QDs is well maintained during the 

calibration on deposition temperature. If combining the AFM results with the PL 

measurement, it is evident that 495 °C can be considered as the optimum growth 

temperature suitable for subsequent optimization. Under this temperature, the re-

evaporation and nucleation process of QDs is well-balanced, realizing a high 

density and good uniformity of QDs. 
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Figure 3.9 (a) QD density, (b) Coalesced dot density, (c) PL wavelength and (d) PL 

FWHM of InAs/GaAs QD samples as a function of QD deposition temperature. 

 

3.4.2. Effect of Arsenic Pressure 

For the aspect of As pressure, it is usually presented as the value of V/III ratio in 

the MBE growth of III-V materials. When the growth rate of group III sources is 

identical, a higher V/III ratio indicates a higher As pressure and vice versa. In 

general, the growth of InAs/GaAs QDs is conducted under an As-rich 

environment. This is usually due to the relatively low sticking coefficient of As. 

From a broad perspective, the higher As pressure could reduce the adatom 

diffusion length of group-III materials and increase the nucleation sites for QDs. 

Therefore, higher V/III ratio should bring a higher QD density in principle [48]. 

However, the situation in reality is a bit more complicated. Some experimental 



132 

 

results from literatures show a reduction of QD density with high V/III ratio [49]. 

This is due to the roughness of wetting layer and the residue strain, increasing 

the height of QDs and hence reducing the QD density [49]. Therefore, it is 

necessary to find the optimum V/III ratio to achieve high-quality QDs.  

The AFM images for uncapped InAs/GaAs QDs grown on GaAs substrate at 

495 °C with different V/III ratio are shown in Figure 3.10, where (a-c) present the 

1µm×1µm AFM images for samples grown with 20, 30 and 40 V/III ratio, and (d-

f) show the corresponding AFM images in 5 µm×5 µm area. By counting the 

number of dots in AFM images, the QD density and the coalesced dot density in 

5 µm×5 µm area as a function of V/III ratio are summarized in Figure 3.12 (a) and 

(b), respectively. For the QD density, 20 V/III ratio obtains the density of 4.9 × 

1010 cm-2. With increasing the As pressure to a V/III ratio of 30, the QD density 

shows a considerable increment to 5.9 × 1010 cm-2. Meanwhile, the coalesced dot 

density is also increased from 1.2 × 108 cm-2 (V/III ratio of 20) to 5.1 × 108 cm-2 

(V/III ratio of 30). Again, this can be explained by the increase of As pressure, 

which increases the number of incorporation sites for QDs and eventually realizes 

the higher QD and coalesced dot density. However, further increase of As 

pressure to a V/III ratio of 40 reduces the QD density to 5.0 × 1010 cm-2, which is 

in a similar level of that with 20 V/III ratio, rather than increases the density. In 

addition, the coalesced dot density for sample with 40 V/III ratio does not show 

an obvious variation compared with the sample with 30 V/III ratio.  
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Figure 3.10 (a-c) 1 µm×1 µm AFM images showing the QD morphology for samples 

grown with V/III ratio of (a) 20, (b) 30 and (c) 40; (d-f) 5 µm×5 µm AFM images showing 

the coalesced dots for samples grown with V/III ratio of (d) 20, (e) 30 and (f) 40.  

 

Figure 3.11 (a) QD density and (b) Coalesced dot density of uncapped InAs/GaAs QDs 

grown on GaAs substrate under 495 °C as a function of different V/III ratio.  

PL measurements are also performed on the samples with different V/III ratio, as 

shown in Figure 3.12 (a). The related PL properties, including intensity, FWHM 

and peak wavelength, are also summarized as a function of V/III ratio in Figure 

3.12 (b-d), respectively. As shown in Figure 3.12 (b), it is clear that V/III ratio of 



134 

 

30 could bring the highest PL intensity among these samples. The samples with 

V/III ratio of 20 and 40 have similar PL intensity. In Figure 3.12 (c), the PL FWHMs 

of the samples with different V/III ration show only limited changes, indicating a 

high uniformity of QDs for all samples. As shown in Figure 3.12 (d), the summary 

of PL wavelength indicates a slight red-shift with the increase of V/III ratio. It 

suggests that the higher V/III ratio causes an increment on the dot size under a 

certain range, which is also matched with the experimental results demonstrated 

in previous literatures [12]. The variation of PL peak wavelengths is very limited, 

and thus all V/III ratios satisfy the requirement on O-band emission. In conclusion, 

by combining the AFM and PL results, the V/III ratio of 30 can be considered as 

the optimum As pressure, providing higher QD density and better PL performance.   

 

Figure 3.12 (a) Comparison on PL spectrum for samples with variable V/III ratio; (b) PL 

intensity, (c) PL FWHM and (d) PL peak wavelength of samples as a function of different 

V/III ratio.  
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3.4.3. Effect of InAs Thickness 

In this section, the effect of nominal InAs thickness on the performance of QDs is 

studied. During the growth of InAs QDs in MBE system, the nominal thickness is 

determined by the growth rate of In and the duration of deposition, which could 

affect the size of QDs and the corresponding optical performance. Due to the 

Stranski-Krastanov growth mode of QDs, it is necessary to keep the nominal 

thickness above critical thickness to allow the transition from 2D to 3D. As 

demonstrated in Chapter 3.2.2, this transition can be clearly observed by RHEED 

pattern changes from streaky to spotty. Under the certain growth conditions in 

this section, the critical thickness is experimentally proved as 1.5 ML.  

In general, there are two ways to change the nominal deposition thickness of InAs. 

The first way is to amend the duration of deposition and the second way is to vary 

the In growth rate. The effect of first way is straightforward. When keeping the 

same growth rate, longer time deposition will increase the nominal thickness, but 

may introduce more contamination-related point defects during the deposition. As 

a result, the increased InAs deposition thickness could increase the size of QDs 

until being saturated, with a variation of around 4 nm on emission wavelength for 

every 0.1 ML InAs deposition up to ~ 3 ML [12]. According to the research in our 

previous results, the optimized condition for InAs deposition thickness on GaAs 

substrate is normally considered as ~ 2.8 ML which could provide a relatively 

longer wavelength toward 1.3 µm and minimize the effect of residue strain caused 

by multiple layer deposition.  

Another way to amend the nominal deposition thickness is to change the growth 

rate. The rest of growth conditions including duration of QD deposition remains 

unchanged. As shown in Figure 3.13, the AFM images of uncapped QDs with 

different growth rate from 0.15 ML/s to 0.19 ML/s are presented. The growth rate 

of 0.17 ML/s is the standard growth rate chosen in this research. There is very 

limited variation on QD density for all three samples with different growth rate, 
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which proves that the variation of growth rate is ineffective in improving the 

density of QDs. In contrast, due to the increment on deposition thickness, the 

coalesced dot density increases with the increase of growth rate. For the sample 

with growth rate of 0.15 ML/s, 0.17 ML/s and 0.19 ML/s, the coalesced dot density 

are 1.3 × 108 cm-2, 2.5 × 108 cm-2 and 4.2 × 108 cm-2, respectively. Since the 

coalesced dots do not contribute to the emission and the overall QD density does 

not change much, the effective dots which contribute to the emission are reduced 

with the increase of coalesced dots. Eventually, the high coalesced dot density 

degrades PL intensity as a function of growth rate shown in Figure 3.14. In 

addition, the PL spectrum shows red-shift for higher growth rate, due to the larger 

dot size caused by greater deposition thickness. The PL FWHM of all three 

samples with different growth rate does not present apparent variation. By 

combining with the observation from AFM and PL measurements, it is found that 

the growth rate has very limited effect on both the density and uniformity of QDs, 

but the growth rate of 0.15 ML/s provides best performance.  

 

Figure 3.13 (a-c) 1 µm×1 µm AFM images showing the QD morphology for samples 

grown with variable growth rate of (a) 0.15 ML/s, (b) 0.17 ML/s and (c) 0.19 ML/s; (d-f) 
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5 µm×5 µm AFM images showing the coalesced dots for samples grown with variable 

growth rate of (d) 0.15 ML/s, (e) 0.17 ML/s and (f) 0.19 ML/s. 

 

Figure 3.14 Comparison of PL spectrums for InAs/GaAs QD sample grown on GaAs 

substrate with different InAs growth rate. 

 

3.5. Conclusion  

The optimization process for high density InAs/GaAs QDs with O-band emission 

was carried out, which satisfies a narrow size distribution and excellent optical 

properties of QDs. As shown in Table 3.1, the optimized values of growth 

parameters and corresponding characteristics are illustrated in detail. The 

optimized deposition temperature (495 °C) not only achieves high density of QDs, 

but also provides proper emission wavelength at O-band. In addition, the As 

pressure, which affects both QD density and PL performance, was optimized to 

be 2.2 × 10-6 Torr (V/III ratio of 30). Last, the growth rate of 0.15 ML/s was chosen 

to form 2.8 ML InAs QDs. During the growth, both growth interruption of 10s after 

QD deposition and In-flush annealing process after capping layer deposition are 

utilized as standard methods to promote the QD uniformity. Eventually, a high QD 



138 

 

density of 5.9×1010 cm-2 was achieved with a good uniformity. The optimized QD 

sample exhibits PL emission at 1290 nm with FWHM of 30 meV.  

 

Table 3.1 List of growth parameters and characteristics of optimized InAs/GaAs QDs.  
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Chapter 4  
 

O-band Quantum Dot Laser on 

CMOS Compatible Si substrate 
 

 

4.1. Introduction 

Rapidly increasing data traffic has sparked intense research interest in Si-based 

photonic integrated circuits (PICs) for usage in data centres, owing to its potential 

for ultra-fast data transmission rate, dense integration, low-cost fabrication, and 

reduced power dissipation, compared with the conventional copper 

interconnection [1, 2]. Despite recent advances in Si-based PICs, a reliable Si-

based on-chip light source, which is widely considered as a key component of Si 

photonics, is still missing [3-5]. Although a great number of results related to the 

group-IV based lasers have been demonstrated recently, integrating III-V lasers 

on Si substrate is regarded as a more suitable candidate for the realization of on-

chip light source due to their superior optical and electrical properties [6-8]. In the 

past decades, wafer bonding and flip-chip bonding techniques has been widely 

used for the demonstration of III-V lasers on Si substrate [9-11]. However, owing 
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to the potential benefits of low-cost and high-yield Si photonics, the monolithic 

integration technique has attracted much more attention on large scale and 

complex PICs [12, 13]. In this regard, together with the outstanding performance 

of III-V quantum dot (QD) lasers on low threshold current density, high reliability 

and insensitivity to defects and high temperature, the integration of III-V QD laser 

on Si is considered as a promising option for Si-based on-chip light source [14-

16]. For example, the achievement of stable laser operation at over 100 °C has 

been demonstrated by QD lasers directly grown on Si substrate [15]. Besides, 

previous researches showed that QD lasers provided higher reliability than that 

of conventional quantum well (QW) lasers [16]. 

Despite recent progress in the monolithic integration of III-V lasers on Si substrate, 

three main challenges of high-density threading dislocations (TDs), micro cracks 

and antiphase boundaries (APBs), which could severely degrade the epi-layer 

quality and the performance of fabricated laser devices, still remain to be solved. 

These defects are caused by the large dissimilarities between III-V and group-IV 

materials, such as lattice constant, thermal expansion coefficient and polarity [17, 

18]. Several approaches have been performed to suppress the influence of these 

defects. For example, the implementation of dislocation filter layers (DFLs), 

consisting of InGaAs/GaAs and InAlAs/GaAs strained layer superlattices (SLS), 

has been proved to be effective in preventing the propagation of TDs. Based on 

the DFLs, a low threading dislocation density of ~106 cm-2 has been achieved for 

III-V buffer layers directly grown on Si substrate [19]. For the issue of thermal 

cracks, it is important to reduce the total thickness of device because there is a 

critical thickness for crack formation. To suppress the formation of thermal cracks, 

a reduced buffer thickness and low temperature-ramping rate were employed [20]. 

Finally, for the issue of APBs, offcut Si substrate with 4-6° miscut angle has been 

initially applied to prevent the formation of APBs by forming double atomic Si 

steps [16]. For instance, T. Wang et al. reported the first operation of electrically 

pumped 1.3 µm InAs/GaAs QD laser epitaxially grown on an offcut Si substrate 
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with 4° miscut angle [21]. Following this demonstration, extraordinary results of 

1.3 µm QD laser on offcut substrate have been demonstrated [22-25]. To date, a 

high-performance and high-reliability 1.3 µm InAs/GaAs QD laser on offcut Si 

substrate with a low threshold current density of 62.5 Acm-2 and an extrapolated 

time-to-failure of over 100,158 hours has been successfully demonstrated by S. 

Chen et al. [26].  

However, it is widely agreed that the offcut Si substrates are not fully compatible 

with the industrial standard complementary metal-oxide-semiconductor (CMOS) 

technique, requiring the realization of high-performance QD laser on CMOS-

compatible on-axis Si (001) substrate without the issue of APB. Recently, 

remarkable results of InAs/GaAs QD laser grown on on-axis Si (001) substrate 

have been reported [27-32]. For example, Chen et al. reported the first electrically 

pumped continuous-wave (CW) InAs/GaAs QD laser directly grown on on-axis Si 

(001) substrate by using metal-organic chemical vapor deposition (MOCVD)-

grown III-As buffer layer [27]. In addition, either commercialized GaP/Si (001) or 

V-grooved S (001) patterned substrates has been employed to obtain APB-free 

high-performance III-V QD lasers on on-axis Si [28-31]. Moreover, Kwoen et al. 

demonstrated all-MBE grown InAs/GaAs QD laser on on-axis Si (001) substrate 

by using AlGaAs seed layer [32]. However, the threshold current density of all 

reported 1.3 µm InAs/GaAs QD lasers on on-axis Si still can to be further 

improved, compared with that on offcut Si. In addition, the thickness of III-V buffer 

should be further reduced to minimize the formation of thermal crack.  

This chapter demonstrated an approach for a high-performance, electrically 

pumped CW 1.3 µm InAs/GaAs QD laser on GaAs/Si (001) substrate in 

conjunction with MBE and MOCVD techniques. In this result, a III-As buffer with 

reduced thickness of ~2 µm is used. A low threshold current density of ~160 Acm-

2 is achieved at room temperature with CW operation [33].  
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4.2. APB-free GaAs/Si (001) Virtual Substrate  

Because of the polarity difference between GaAs and Si, direct deposition of 

GaAs on on-axis Si (001) may form APBs which could substantially damage the 

material quality. Since the monatomic steps of Si surface cause the As-As bond 

or Ga-Ga bond which could not be naturally formed, this will produce a 2-

dimensional planar defect in between, which is usually called APB [34-36]. The 5 

µm×5 µm atomic force microscope (AFM) image for the top view of GaAs grown 

on on-axis Si (001) with APBs is shown in Figure 4.1. It is possible to solve this 

issue by using offcut Si substrate which is able to form double atomic steps. 

However, to achieve CMOS compatible Si-based QD laser, it is necessary to 

achieve APB-free III-V surface on on-axis (001) Si. In this section, an APB-free 

GaAs/Si (001) virtual substrate by two steps growth using MOCVD is used as a 

platform for laser structure epitaxy, which is provided by CEA-LETI [37]. 

Compared with other platforms using GaP buffer or patterned substrate, III-As 

only laser structure and buffers on Si, based on mature GaAs and Si fabrication 

state of art, could simplify the growth process by avoiding the contamination of 

other materials such as phosphorus, as well as the fabrication processes.  

 

Figure 4.1 The 5 µm×5 µm AFM image of unoptimized GaAs directly grown on on-axis 

(001) Si with APBs [37]. 
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Above all, to obtain a platform for QD laser on on-axis Si (001) with reduced 

thickness and high material quality, the growth conditions for the GaAs/Si (001) 

virtual substrate have been optimized. The microelectronics standard 300 mm 

diameter on-axis Si (001) substrate with 0.15° miscut angle towards [110] 

orientation was selected in this work. Prior to the growth of GaAs buffer, the Si 

(001) substrate was annealed at a high temperature of 800-950 °C with the supply 

of hydrogen (H2) gas, which could promote the formation of double-atomic step 

on the Si (001) surface. As a result, the annealed surface presents a double-

atomic step dominant texture which is shown in the 2 µm×2 µm AFM image of 

Figure 4.2. The step height and width are measured to be about 0.27 nm and 100 

nm, respectively.  

 

Figure 4.2 The post annealing surface of on-axis Si (001) showing a dominant double-

atomic step [37]. 

Upon the optimized Si surface with dominant double-atomic steps, a 400 nm 

GaAs layer was grown in two-step process by MOCVD with carrier gas of H2. 

First, a 40 nm low temperature grown GaAs layer (400-500 ºC) was deposited as 

a nucleation layer, and then another 360 nm GaAs buffer layer was deposited at 



149 

 

higher temperature (600-700 ºC). The surface morphology of as-grown sample 

was characterized by AFM. As shown in Figure 4.3, a low surface roughness of 

0.81 nm was obtained, which is similar to the reported surface roughness of 1 µm 

GaAs grown on offcut Si substrate [38-40]. Additionally, owing to the dominant 

double-atomic steps on Si (001) surface, there is no feature of APBs on the 

surface. The APBs generated at the step edge of a few remaining single steps on 

Si surface are annihilated pairwise during the epitaxy process, realizing an APB-

free surface for the 400nm GaAs buffer on on-axis Si (001).  

 

Figure 4.3 The 5 µm×5 µm surface AFM image of 400 nm GaAs buffer directly grown on 

on-axis Si (001) substrate [33]. 

 

4.3. Laser Structure Epitaxy 

In this work, InAs/GaAs QD laser structure was epitaxially stacked on GaAs/Si 

(001) substrate. The growth conditions for the buffer have been optimized in a 

way to reduce the thickness and improve the quality. After the demonstration of 

400 nm APB-free GaAs buffer on a 300 mm diameter CMOS-compatible on-axis 

Si (001) substrate by MOCVD, the wafer is diced into 2-inch size and transferred 
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to GEN-930 solid-source MBE chamber for the subsequent laser structure growth. 

In the MBE chamber, standard deoxidation process for GaAs was applied prior 

to the laser structure growth because the oxide layer might be formed on the 

GaAs/Si surface. The schematic diagram of as-grown laser structure is shown in 

Figure 4.4. A 300nm N-type GaAs buffer layer was deposited on the 400 nm 

GaAs/Si (001) virtual substrate to achieve a smooth surface. Following the growth 

of GaAs buffer, five repeats of N-type 10 nm In0.18Ga0.82As/10 nm GaAs SLSs 

and N-type doped 300 nm GaAs spacing layers were introduced as one set of 

DFL to suppress the propagation of TDs. In-situ thermal annealing process was 

also introduced under an As-rich environment after the deposition of each repeat 

of SLS, which has been proved to be effective in promoting the annihilation of 

TDs [41]. The whole buffer structure includes four sets of DFLs. Prior to the last 

repeat of In0.18Ga0.82As/GaAs SLS in fourth DFL layers, most of the TDs can be 

effectively blocked. Therefore, there is no requirement to grow another extra 

GaAs N-type buffer layer. The last set of 300 nm GaAs space layer was highly 

doped to act as a contact layer. The total thickness of III-V buffer layer, including 

400 nm GaAs deposited by MOCVD system, was ~ 2 µm on the on-axis Si (001) 

substrate. Following the deposition of DFLs and the N-type contact layer, the N-

type cladding layer consisting of 1.4 µm Al0.4Ga0.6As layer was grown. Then, five 

layers of our previous standard InAs/GaAs dot-in-well (DWELL) structure without 

optimisation separated by 50 nm GaAs spacer layers formed the active region, 

which are sandwiched between lower and upper 30 nm undoped Al0.4Ga0.6As 

guiding layers. The 1.4 µm P-type Al0.4Ga0.6As upper cladding layer was 

deposited above the active region. At the top of the laser structure, a highly doped 

P-type GaAs layer (300 nm) for metal contact was deposited to finish the growth 

procedures.  
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Figure 4.4 Schematic illustration of InAs/GaAs QD laser structure grown on on-axis 

GaAs/Si (001) substrate [33]. 

 

4.4. Measurement Results  

4.4.1. Shape, Size and Distribution of Quantum Dots  

In order to measure the surface morphology of InAs/GaAs QDs grown on GaAs/Si 

(001) substrate, a QD sample with uncapped InAs/GaAs QDs was grown under 

the same condition of active region growth in laser sample. The AFM was 

operated with a standard tapping mode in air to identify the density and uniformity 

of QDs. In addition, room temperature photoluminescence (PL) was performed 

to investigate the corresponding optical properties of QDs. Moreover, 

transmission electron microscope (TEM) was applied to evaluate the size and 

shape of an individual QD. 



152 

 

 

Figure 4.5 (a) A 1 µm×1 µm AFM image of uncapped QDs grown on GaAs/Si (001) 

substrate; (b) The cross-sectional TEM image of a typical InAs/GaAs QD [33]. 

The 1 µm × 1 µm AFM image of uncapped InAs/GaAs QDs grown on GaAs/Si 

(001) substrate is shown in Figure 4.5 (a), producing a dot density of ~4×1010 cm-

2 with good QD uniformity. A single InAs QD can be observed from the cross-

section TEM image shown in Figure 4.5 (b). From the TEM image, a squeezed 

pyramid shape of QD can be clearly distinguished from the bottom InGaAs well 

and top InGaAs capping layer. The dimension of QD was measured to be ~ 11 

nm in height and ~ 24 nm in diameter. The sharp interfaces between InAs QD 

and InGaAs layers are obtained. This can be mainly attributed to the high As 

pressure during the In-flush annealing in the epitaxy of InAs/GaAs QD active 

region. It successfully suppresses the In-intermixing at the interface between 

InAs QDs and InGaAs capping layers, and hence improves the QD uniformity. 
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Figure 4.6 A comparison of PL results for InAs/GaAs QDs grown on GaAs/Si (001) and 

native GaAs substrate at same condition [33]. 

In addition to the investigation on the morphology of InAs/GaAs QD grown on 

GaAs/Si (001) substrate, the optical properties are also characterized through the 

room temperature PL measurement. For the comparison, the InAs/GaAs QD 

grown on native GaAs substrates under the same growth conditions was also 

measured. The comparison of both PL spectra is shown in Figure 4.6. From the 

PL spectra, ground state (GS) PL emission of InAs/GaAs QDs grown on GaAs/Si 

(001) and GaAs substrates was observed at ~1308 nm and 1314 nm, respectively. 

The slight blue shift of GS PL emission for the sample grown on GaAs/Si (001) 

substrate can be explained by the residual strain. For both samples, the full width 

at half maximum (FWHM) of ~32 meV are obtained. The PL peak intensity of 

InAs/GaAs QDs on GaAs/Si (001) is ~85% of that on native GaAs substrate. The 

lower PL peak intensity of GaAs/Si (001) sample is normally caused by the 

relatively higher number of TDs in the active region which could act as non-

radiative centres and reduce the optical performance. Although the DFLs in buffer 
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layer could sufficiently block the propagation of TDs, the dislocation density of III-

V on Si is still higher than that of III-V on native substrate. Nonetheless, the PL 

performance of InAs/GaAs QD grown on GaAs/Si (001) substrate is still 

competitive, due to the outstanding feature of QDs—the defect tolerance.  

 

4.4.2. Temperature Dependent Photoluminescence Results 

To further study the optical properties of InAs/GaAs QDs directly grown on a 

GaAs/Si (001) substrate, the temperature dependent PL measurement was 

carried out. In Figure 4.7 (a), an overview of the PL spectra measured at a wide 

range of temperature from 20 K to 300 K with each step of 20 K is illustrated. 

Figure 4.7 (b) summarizes the blue shift of GS and excited state (ES) wavelength 

as the temperature decreases, which is mainly caused by the temperature 

dependence of bandgap. The energy bandgap of semiconductor materials tends 

to increase as the temperature is decreased. 

 

Figure 4.7 (a) Temperature dependent PL spectra of InAs/GaAs QDs directly grown on 

GaAs/Si (001) substrate; (b) GS and ES emission versus temperature varying from 20 K 

to 300 K [33]. 

The PL intensity and FWHM of both ES and GS obtained from temperature 

dependent PL spectra are plotted in Figure 4.8(a) and Figure 4.8 (b), respectively. 

The trend of PL intensity shown in Figure 4.8 (a) reveals that the intensities of all 
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emission states decrease with increasing temperature, and that the GS 

intensities show much sharper decline as the unsaturated GS is more sensitive 

to non-radiative recombination promoted by increasing temperature [42]. As 

shown in Figure 4.8 (b), the FWHM of GS emission remains stable, which 

indicates a good QD uniformity. However, some fluctuation is observed for ES 

between 100 K and 200 K. This is due to the influence of thermal energy on the 

GS carrier population, leading to a saturation at certain temperature and hence 

broadening of the ES linewidth. A common cause of spectrum broadening at low 

temperatures is additional emission from small QDs. In contrast, at high 

temperatures, dominant QDs with high localization energy are more easily 

occupied by carriers [43]. 

 

Figure 4.8 Comparison of (a) PL peak Intensity and (b) FWHM on GS and ES emission 

versus temperature varying from 20 K to 300 K [33].  

 

4.4.3. Cross-section Measurements of Epitaxial Structure 

A cross-sectional (220) bright-field TEM image of the III-As buffer, including a 

GaAs buffer layer and four sets of DFLs, is shown in Figure 4.9 (a). It can be 

clearly observed that the TD density decreases from the bottom to the top of 

whole buffer structure. After passing each repeat of DFL, a reduction on TDs can 

be clearly observed. The strain field introduced from SLS could bend the 
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propagation direction of TDs. In addition, the high-temperature annealing process 

could enhance the interaction of TDs and form misfit segments, which could 

suppress the further propagation of TDs towards subsequent layers. These are 

widely considered as the main mechanisms of DFLs on suppressing TD 

propagation [44]. After passing the final repeat of InGaAs/GaAs SLS, only very 

limited number of TDs can be observed in the 300 nm N-type GaAs contact layer. 

As marked in Figure 4.9 (a), the total thickness of III-As buffer layer was 

measured to be ~2 µm, indicating successful optimization of buffer design. The 

reduced buffer thickness could diminish the impact of large difference of thermal 

expansion coefficients, and hence reduce the density of thermal cracks. A dark 

field (002) cross-sectional TEM image of the active region, which consists of five 

layers of coherently grown DWELL structures, is presented in Figure 4.9 (b). It 

can be clearly observed that the coherently grown InAs/GaAs QDs are not 

vertically aligned, which can be ascribed to the sufficient relaxation of strain 

during the space layer growth at high temperature [45]. In addition, the visual 

absence of TDs in Figure 4.9 (b) could further prove that only minor TDs appear 

in the active region after passing the four sets of DFLs.  

 

Figure 4.9 (a) Cross-sectional TEM image for whole buffer including DFLs; (b) Cross-

section TEM image for active region with InAs/GaAs DWELL structure [33]. 
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4.5. Laser Device Fabrication and Characterisation 

To fabricate broad-area lasers with a 50 µm strip width, standard photolithography 

and wet etching techniques were used, which need to thank to the contribution of 

my colleagues in our research group. A schematic diagram of the fabricated 

InAs/GaAs QD laser on on-axis GaAs/Si (001) platform is shown in Figure 4.10. 

To obtain mesa-structure, the epilayer was wet-etched until the highly N-doped 

GaAs layer was exposed. Then, the Ni/GeAu/Ni/Au contact scheme was 

thermally evaporated onto the n-type GaAs to achieve ohmic contact. For the p-

type contact, Ti/Pt/Au layers were deposited on the top p-type GaAs layer by 

sputtering system. After thinning the Si substrate down to 120 µm, laser bars are 

cleaved into cavity length of 3 mm without applying facet coating. The completed 

devices are mounted on copper heatsinks with indium solder and bonded with 

gold wires for further lasing characteristic measurements.  

 

Figure 4.10 Schematic diagram of the fabricated InAs/GaAs QD laser on on-axis GaAs/Si 

(001) platform [33].  

The light-current-voltage (LIV) characteristic for the broad-area 1.3 µm 

InAs/GaAs QD laser on GaAs/Si (001) is presented in Figure 4.11 (a). A low 

threshold current density of ~160 Acm-2 is achieved at room temperature under 

CW operation mode. Compared with our previous result on on-axis Si (001) 

substrate, this result achieved a significant improvement [27]. According to the 
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light-current (L-I) relationship shown in Figure 4.11 (a), a single facet output 

power of 48 mW is obtained at an injection current density of 500 Acm-2 without 

thermal rollover. Furthermore, the slope efficiency and external differential 

quantum efficiency are calculated as ~0.095 W/A and 9.95 %, respectively. This 

indicates an obvious enhancement in terms of LIV characteristics, compared with 

our previous results (the slope efficiency of ~0.068 W/A and external differential 

quantum efficiency of 7.20 %) [27]. Figure 4.11 (b) shows the emission spectrum 

of laser at an injection current density of 180 Acm-2 at room temperature, which 

is above the threshold. The result illustrates a clear O-band lasing emission.  

 

Figure 4.11 (a) L-I-V characteristic of 50 µm × 3 mm broad-area InAs/GaAs QD laser 

directly grown on GaAs/Si (001) substrate; (b) The lasing spectrum at 180 A/cm2 injection 

current density at room temperature [33].  
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In order to perform a quantitative investigation, the laser characteristics at various 

operation temperature are studied. Figure 4.12 presents the L-I characteristics of 

InAs/GaAs QD laser on GaAs/Si (001) at various operation temperatures under 

CW mode. It can be clearly identified that the threshold current density increases 

with the rise of operation temperature. The GS lasing operation up to 52 ˚C was 

observed under CW mode. In addition, a thermal rollover of the output power was 

at the temperature of 48 ºC, which may be related to the self-heating of device 

during operation. In order to further improve the temperature stability of device, a 

hard soldering to a high heatsink with high thermal conductivity could be an 

effective way.  

 

Figure 4.12 The L-I characteristics of InAs/GaAs QD laser directly grown on GaAs/Si 

(001) at various operation temperature [33]. 

As shown in Figure 4.13, the temperature dependence of threshold current 

density for the fabricated lasers are summarized and plotted. Between 16 ºC and 

36 ºC under CW mode, the calculated characteristic temperature T0 of ~60.8 K is 

achieved. At higher temperature up to 52 °C, a degradation of characteristic 
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temperature T0 to ~26.1 K is presented. This result demonstrates an outstanding 

improvement compared with our previous laser results on on-axis Si (001), which 

achieved CW operation up to 36 ºC [27]. According to previous researches, since 

the interval of adjacent energy states for holes is smaller than that of electrons, 

the probability of thermal escape for holes is relatively higher than electrons in 

QDs [46]. Therefore, in the future research, P-type modulation doping can be 

proposed in the InAs/GaAs QD active region to introduce extra mobile holes, 

which could help to increase the recombination probability in the QDs. As a result, 

it could improve the high temperature operation and the corresponding 

characteristic temperature T0 of laser devices.  

 

Figure 4.13 Temperature dependence of threshold current density for InAs/GaAs QD 

laser directly grown on GaAs/Si (001) substrate from 16 °C to 52 °C [33]. 
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4.6. Conclusion 

In conclusion, an electrically pumped CW 1.3 µm InAs/GaAs QD laser directly 

grown on CMOS-compatible Si (001) substrate with a reduced thickness of ~2 

µm III-As buffer layer has been successfully demonstrated. In this result, a low 

threshold current density down to 160 A/cm2 is achieved. A single facet output 

power of 48 mW is obtained without thermal rollover at an injection current density 

of 500 A/cm2. Much higher output power can be expected with higher injection 

current density. The GS lasing operation up to 52 ºC is observed with a calculated 

characteristic temperature T0 of 60.8 K from 16 °C to 36 °C under CW operation 

mode. Monolithically integrated InAs/GaAs QD lasers on on-axis Si (001), without 

GaP buffer and patterned substrate, provide a promising approach for 

implementing high-performance, CMOS-compatible and low-cost on-chip light 

sources for Si photonics, which can be seen as a major step towards its 

commercialization. 
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Chapter 5  
 

Epitaxial Growth of Antiphase 

Boundary Free III-V on On-axis Si 

(001) by Molecular Beam Epitaxy 
 

 

5.1. Introduction 

Rapid growth of worldwide data traffic has increased the demand of much faster 

data transmission rate in data centre. As a promising solution for high-speed 

optical interconnects, the technology of Si-based photonic integrated circuits 

(PICs), which is compatible with mature complementary metal-oxide-

semiconductor (CMOS) process, has attracted extensive research interests [1-3]. 

Despite substantial advances in Si-based PICs, however, Si-based light source 

is still missing. In order, therefore, to fully benefit from the Si-based PICs, the 

integration of high-quality direct-bandgap III-V materials on Si—particularly, III-V 

lasers on Si—has been considered as a key aspect [4, 5]. Nowadays, the 

integration of III-V laser on Si can be realized by either monolithic growth or wafer 

bonding. Among these two approaches, the former method is featuring on its high 
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yield and low cost, which is more suitable for the potential large-scale production 

[6, 7]. However, the large mismatch on lattice constant, material polarity and 

thermal expansion coefficient between most of III-V materials and Si causes 

threading dislocations (TDs), antiphase boundaries (APBs) and thermal cracks, 

respectively, during the heteroepitaxial growth [8-13]. These defects act as 

nonradiative recombination centres during the device operation, resulting in a 

significant degradation on the performance of optoelectronic devices [2, 7, 14].  

In order to suppress the effect of high-density TDs and thermal cracks, various 

approaches have been applied, including dislocation filter layers (DFLs) with 

strained layer superlattice (SLS) and long cooling period with low cooling rate [12, 

13, 15]. For the APB which is an electrically charged planar defect caused by 

polarity mismatch between III-V materials and Si, it is usually formed along the 

edge of single atomic height steps (S-steps) on the Si surface, and the nucleation 

of APB can be effectively suppressed by forming double atomic height steps (D-

steps) on the Si surface [9, 13]. Therefore, employing Si (001) substrate with 4-

6° miscut angle to promote the formation of D-steps on Si surface has become a 

conventional way to suppress the issue of APB for III-V heteroepitaxy on Si [16, 

17]. Nevertheless, the 4-6° offcut Si (001) substrates are incompatible with 

conventional CMOS technology, and thus developing another approach to 

achieve APB-free III-V on CMOS-compatible on-axis Si (001) is required [18].  

In the past decades, various approaches for obtaining APB-free III-V on on-axis 

Si (001) have been successfully demonstrated, including the utilization of V-

groove patterned Si substrate, template-assisted selective epitaxy (TASE), nano-

ridge engineering and high temperature annealing under hydrogen environment 

in metal organic chemical vapor deposition (MOCVD) system [19-28]. For 

example, based on the D-steps dominant Si surface via high temperature 

annealing with hydrogen supply in MOCVD, the APB-free GaP [29] and GaAs [27] 

buffer layer epitaxially grown on on-axis Si (001) substrate have been 

demonstrated. However, some S steps still remain between the dominant D-steps, 
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which could form low density of APBs. The remaining APBs could be suppressed 

by self-annihilation—intersecting each other—during the following III-V growth at 

high temperature. Despite successful demonstrations of APB-free GaP/Si and 

GaAs/Si templates, this approach is limited by the requirement of hydrogen 

environment, as well as intentional selection of miscut angle of Si such as 0.12° 

and 0.15° for GaP and GaAs growth on Si (001), respectively [26, 28, 30, 31]. 

Moreover, because of the lack of hydrogen source in solid-source molecular 

beam epitaxy (MBE) system, this method is not suitable for MBE growth which 

has been widely considered as a superior technique for the development of high 

quality InAs/GaAs quantum dot (QD) laser on Si substrate as a promising light 

source of Si photonics. Therefore, the successful demonstration of a repeatable, 

all-MBE grown method to achieve APB-free III-V layers on on-axis Si (001) 

substrate is desirable. Despite recent demonstration of III-V QD laser directly 

grown on on-axis Si with Al0.3Ga0.7As nucleation layer by only using MBE system, 

the mechanism of APB annihilation and corresponding growth parameters are 

still unclear [32].  

In this section, a novel method of growing APB-free GaAs layer with periodic S 

steps on on-axis Si (001) substrate by MBE only was successfully developed. 

The epitaxial materials are grown by a special twin MBE system, in which the 

buffer chambers of a group IV and a group III-V MBE system are connected. An 

ultra-high-vacuum transfer chamber between these two MBEs was used to keep 

a pure and smooth Si epi-surface before GaAs growth, to avoid potential 

contamination during the wafer transfer process. The deoxidation of Si substrates, 

and the growth and annealing of Si buffer layer were performed in the group IV 

growth chamber before transferring the wafer to the III-V growth chamber for III-

V epitaxy. The optimized growth method implemented on GaAs epitaxy and the 

special annealing treatment on Si surface were demonstrated in detail. In addition, 

the annihilation process of APB during the growth of 1 µm-thick GaAs layer was 

illustrated. Moreover, with the optimized high density QD layers, a 1.3 µm 
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InAs/GaAs QD laser grown on this notable on-axis GaAs/Si (001) templet has 

been achieved, producing a low threshold current density of 83.3 Acm-2 and a 

high temperature operation of 120 °C [33]. 

 

5.2. Optimization of III-V Buffer Layer Growth  

5.2.1. Nucleation Layers 

In this section, in order to optimize the growth condition of nucleation and buffer 

layers, a few different approaches, including AlGaAs nucleation layer and multi-

step growth, were investigated. Phosphorus-doped on-axis Si (001) wafers with 

0.15° ± 0.1° offcut towards [110] orientation [32] were used for all samples. In 

addition, there was no intentional selection of angle for all the Si (001) substrates 

used in this research. Prior to the growth, in-situ deoxidation process was 

performed on the Si (001) substrates to remove native oxide layer. 

First, by following the method demonstrated by Kwoen et al, a high-temperature 

AlGaAs nucleation layer was deposited as nucleation layer direct on a Si 

substrate to grow in total 1 µm-thick buffer GaAs layer (sample A) [32, 34]. Before 

growth, pre-growth heat treatment was first performed within the MBE growth 

chamber. The deoxidised Si (001) substrate was annealed for 30 minutes at 

~1200 °C to promote the formation of D-steps on the Si surface, which is usually 

considered as the key aspect to suppress the formation of APB at the GaAs/Si 

interface [9, 35]. However, the single domain 2×1 RHEED pattern, which usually 

represents the appearance of D-steps on Si surface, was not observed during the 

annealing process [36]. The 2×1 pattern usually represents that the two-fold 

periodic fractional order streaks with equal intensity appear between the integral 

order streaks at one of the orthogonal directions ([110] or [1̅10] azimuths) on the 

RHEED pattern [35, 37]. It was initially suggested by R. E. Schlier and H. E. 

Farnsworth in 1959 and had been universally accepted by researchers as a key 

feature of surface reconstruction on Si (001) substrate [35, 38]. To investigate the 
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surface morphology, scanning electron microscope (SEM) was performed on the 

sample A. As shown in Figure 5.1, a top-view of SEM image displays a lot of deep 

trenches on the 1 µm GaAs epi-layer, which indicates the presence of APBs [31, 

39]. Unlike the reported results [32], the SEM measurement showed that the 

introduction of AlGaAs nucleation layer was ineffective in reducing the density of 

APBs.  

 

Figure 5.1 Top-view SEM image of sample A with high-temperature AlGaAs nucleation 

layer [33].  

Second, according to the previous successful demonstration of high-quality GaAs 

grown on offcut Si substrate, a three-step buffer growth with GaAs nucleation 

layer was employed to growth 1 µm-thick GaAs layer on on-axis Si substrate [1, 

40]. The three-step growth structure is shown schematically in Figure 5.2. The 

growth temperature of GaAs is gradually increased in three steps from low-

temperature (LT) to mid-temperature (MT), and eventually reaches the 

conventional high-temperature (HT). Above the 40 nm GaAs nucleation layer, a 

210 nm GaAs buffer layer was grown at LT (350 °C). Subsequently, the 250 nm 

MT GaAs and 500 nm HT GaAs were deposited at 420 °C and 580 °C, 

respectively. The initial aim of this design is to gradually bend the propagation 

direction of APBs by the stepped increase of deposition temperature and 
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eventually promote the self-annihilation of APBs. Among these layers, the 40 nm 

GaAs nucleation layer deposited at LT is a crucial factor which determines the 

overall sample quality.  

 

Figure 5.2 Schematic structure of three-step growth. 

In order, therefore, to investigate the effect of growth temperature of nucleation 

layer on the formation of APB, sample B (with HT nucleation layer at 500 °C) and 

sample C (with LT nucleation layer at 330 °C) were grown and compared, based 

on the structure shown in Figure 5.2. Atomic force microscope (AFM) was used 

to identify the surface morphology of two samples in detail. The 10 µm×10 µm 

AFM images of sample B and C are presented in Figure 5.3 (a) and (b), 

respectively. The appearance of APBs is clearly observed from both images. 

Although the surface roughness of sample B and C (RMS of 19.2 nm and 19.1 

nm, respectively) is similar, the sample C shows less density of APBs than that 

of sample B. Unlike the sample B (Figure 5.3 (a)) consisting of many small 

domains, the main domain can be clearly identified on the surface of sample C 

(Figure 5.3 (b)), where only couples of attached areas are destroyed by APBs. 

The possible explanation is that the LT deposition of GaAs at initial stage could 

provide a non-equilibrium growth condition, which suppresses the 3D formation 

and ensures a flatter surface. In this case, the APBs are much easier to be 
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annihilated in the subsequent layer growth at higher temperature. In contrast, 

nucleation layer grown at HT could make the boundary between antiphase 

domain and main domain become enlarged, which brings a lower possibility of 

APBs to be self-annihilated in the subsequent growth. Based on the experimental 

results, it was confirmed that, for the three-step growth method of GaAs on on-

axis Si (001), the LT nucleation layer produced better performance than the HT 

nucleation layer. 

 

Figure 5.3 10 µm×10 µm AFM images of (a) sample B and (b) sample C. 

 

5.2.2. Effect of In-situ Annealing on III-V Buffer Layer 

According to the discussion in the above section, the temperature can be 

considered as a crucial parameter for the annihilation of APBs. It also makes us 

reconsider the effect of annealing process in the growth, which is usually applied 

in the conventional III-V on Si growth to suppress the propagation of dislocations 

[41-43]. Thus, the annealing process, which is believed to increase the motion of 

APBs and hence promote their self-annihilation, was studied in this section. As 

shown in Figure 5.4 (a), the annealing process was applied to sample C after the 

deposition of MT GaAs layer at 420 °C. The in-situ annealing process was carried 

out for 20 minutes at 600 °C, aiming at improving the crystal quality. In contrast, 
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for the sample D, the annealing process was not performed before the deposition 

of HT GaAs, as shown in Figure 5.4 (b).  

 

Figure 5.4 Schematic structure of (a) sample C (with HT in-situ annealing) and (b) sample 

D (without HT in-situ annealing). 

AFM measurements were performed on both samples to investigate the surface 

morphology. The 10 µm×10 µm AFM images for sample C and sample D are 

presented in Figure 5.5 (a) and (b), respectively. Although APBs are still observed 

on the surface of both samples, it is identified that the sample D has a flatter 

surface than sample C. Sample C and D show a surface roughness in RMS of 

19.1 nm and 11.8 nm, respectively. In addition, as shown in Figure 5.5 (b), a main 

domain of GaAs dominates the whole surface and the density of APB is reduced, 

compared to the surface of sample C (Figure 5.5 (a)). Moreover, the size of 

antiphase domain in sample D is much smaller, indicating that the self-

annihilation process of APB has been promoted.  
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Figure 5.5 10 µm×10 µm AFM images of (a) sample C (with HT annealing process) and 

(b) sample D (without HT annealing process). 

According to the discussion above, it is clear that the annealing of buffer layer at 

HT doesn’t promote the annihilation of APBs. Instead, it may cause the APB issue 

more seriously. In order to investigate the surface before annealing, sample E 

was also grown based on the structure shown in Figure 5.6 (a), which has only 

LT and MT GaAs layers. Figure 5.6 (b) shows a 10 µm×10 µm AFM image of the 

surface of LT and MT GaAs prior to in-situ annealing. From the image, although 

the boundaries between different domains can be clearly noticed, the large voids 

shown in Figure 5.5 (a) are rarely observed. The surface roughness of sample E, 

2.9 nm in RMS, is also smaller than sample C and sample D.  

 

Figure 5.6 (a) Schematic structure of sample E (without annealing process and HT GaAs 

layer); (b) 10 µm×10 µm AFM image of sample E surface morphology. 
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Therefore, it can be considered that the APBs tend to enlarge and finally turn into 

voids when the annealing at 600 °C is applied. Before the annealing, the different 

domains of GaAs are not split, leaving the boundaries between them still a simple 

plane, as shown in Figure 5.7 (a). However, despite the narrow boundaries 

between the Ga-Ga and As-As bonds provided by the LT deposition of GaAs at 

initial stage, the migration of atoms is enhanced during the annealing process. 

Therefore, as shown in Figure 5.7 (b), the main domain and antiphase domain 

are split away after the annealing process. The unstable boundaries are enlarged 

and turned into voids between main domain and antiphase domain. Eventually, 

such APBs are difficult to be filled during the subsequent growth, resulting in 

trenches on the surface. This result also explains the increased surface 

roughness of sample C with annealing process. 

 

Figure 5.7 Schematic illustration for the motion of APB (a) before annealing process and 

(b) after annealing process [44].  

 

5.2.3. Temperature-Ramping Growth 

The discussion in above sections demonstrates the importance of temperature in 

the annihilation of APB. Accordingly, to further promote the annihilation of APBs 

in the GaAs buffer growth on on-axis Si (001) substrate, it is critical to maintain 

the non-equilibrium growth condition during the growth of whole GaAs layers. 

However, since HT GaAs buffer and AlGaAs cladding layers are necessary for 

the subsequent growth of laser structure, the deposition of GaAs buffer cannot 
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keep maintaining at LT growth condition. Therefore, new growth technique is 

needed to maintain non-equilibrium growth conditions of the GaAs layers while 

rising the temperature. In this section, a new method of “temperature-ramping 

growth” was introduced to sample F of which the epitaxial structure is shown 

schematically in Figure 5.8. During the temperature-ramping growth, the GaAs 

layer is consistently being grown without interruption while the substrate 

temperature is ramping up. Also, the GaAs layers are grown in a growth rate of 

0.6 ML/s, and temperature-ramping rate is about 10°C/min, which are kept at low 

rates to avoid the effect of heater over-shoot to HT. As a result, the ratio between 

deposition and temperature is about 3.6 ML/°C, while the total thickness of GaAs 

buffer layer for sample F is kept as same as the previous samples (1 µm 

thickness).  

 

Figure 5.8 Schematic diagram for the epitaxial structure of sample F with temperature-

ramping growth method.  

In Figure 5.9, the 10 µm×10 µm AFM images of sample D (with normal heating 

up process) and sample F (with temperature-ramping growth) are shown, 

respectively. A notable reduction in APB density can be observed on the GaAs 
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surface of sample F, where most of the APBs are in closed loops and only very 

limited number of voids can be observed in this 10 µm×10 µm area. The 

employment of temperature-ramping growth could help to slow the process of 

breaking the non-equilibrium growth and suppress the subsequent separation 

between main domain and anti-phase domain. In other words, when growth 

temperature is ramping up, the deposited GaAs layers help to fill the boundaries 

between the separated domains before they enlarge into void at HT GaAs layer 

deposition. Even though the material quality has been significantly improved by 

applying temperature-ramping growth, the APBs are still visible after the 1 µm 

GaAs growth. 

 

Figure 5.9 10 µm×10 µm AFM images of (a) sample D (with normal heating up process) 

and (b) sample F (with temperature-ramping growth). 

 

5.3. Annealed Si Buffer for APB-free GaAs on On-axis Si 

(001) Substrate 

The optimization of III-V buffer growth on the deoxidised Si surface has 

successfully suppressed most of APBs. However, APBs are still visible after the 

1 µm GaAs buffer growth, which are difficult to be eliminated in the further growth. 

In addition, the randomly distributed APB nucleation sites significantly lower the 

probability of self-annihilation and increase the surface roughness. Moreover, it 
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is necessary to limit the GaAs buffer in a low thickness due to the appearance of 

high density of thermal cracks after approximately 6 µm of III-As materials grown 

on Si substrates, which significantly destroys the yield of fabricated Si-based III-

V devices [11]. Accordingly, we have implemented a novel method of annealed 

Si buffer with periodic S steps to help the annihilation of APBs in sample G. As 

shown in Figure 5.10 (a), a 200 nm-thick Si buffer layer was grown on the 

deoxidised on-axis Si (001) substrate by an e-beam Si source, consisting of a 

100 nm of Si layer annealed at 900 °C followed by 5 periods of 20 nm Si layers 

annealed at 1200 °C. The growth sequence of GaAs buffer layers is same as 

sample F. A fully APB-free GaAs surface, shown in the 10 µm×10 µm AFM image 

of Figure 5.10 (b), was successfully demonstrated in sample G with the deposition 

of a Si buffer layer on the deoxidised on-axis Si (001) substrate prior to the GaAs 

growth. In addition, the SEM image shown in Figure 5.10 (c) provides a large-

scale illustration which identifies the APB-free GaAs surface directly grown on on-

axis Si (001) substrate in 1 µm thickness. 
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Figure 5.10 (a) Schematic diagram of sample G with 200 nm Si buffer; (b) 10 µm×10 µm 

AFM image presents the APB-free surface of sample G; (c) Plan-view SEM image for the 

surface of sample G [33].  

In order to investigate the mechanism of APB annihilation with Si buffer, the 

surface morphology of Si substrate without and with the annealed Si buffer layer 

was characterised by AFM, as shown in Figure 5.11 (a) and (b), respectively. For 

the deoxidised Si surface, Figure 5.11 (a) shows a random atomic distribution 

without a clear step order where wavy S steps present. The formation of these 

wavy steps is a result of the interaction between different stress domains, which 

helps to reduce the net elastic energy of the Si surface at small offcut angle [45, 

46]. In stark contrast, as shown in Figure 5.11 (b), the periodic Si step arrays, 

comprised of straight and meandering Si atomic steps, can be clearly observed 
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on the surface of annealed 200 nm Si buffer. The periodic Si steps can be 

considered as a result of strain relaxation process which is thermally activated 

during the repeated annealing process in the deposition of Si buffer [16]. 

 

Figure 5.11 5 μm × 5 μm AFM images show surface morphology of Si surface. (a) Si 

surface after deoxidation; (b) Surface of 200 nm annealed Si buffer layer [33]. 

A zoomed-in measurement of periodic Si steps is shown in the 2 μm × 2 μm AFM 

image of Figure 5.12 (a). From the image, a combination of two types of 

meandering and straight Si steps is visible in detail [47]. As shown in Figure 5.12 

(b), a step height of approximately 0.13 nm is measured for each step with the 

average half-terrace width of approximately 80 nm. This result indicates the 

existence of only the S steps on the surface of Si buffer, instead of the D-steps 

after the HT annealing [48-51]. In addition, the existence of two types of S steps 

on the Si surface well illustrates that, for on-axis Si (001) substrate with small 

miscut angle, the terraces of alternating 2 × 1 and 1 × 2 dimerization separated 

by two types of S steps could appear on the surface [16, 47, 52]. According to 

Chadi’s nomenclature, these two step types are called as Sa and Sb, in which Sa 

steps are straight and Sb steps are relatively rough [53]. The schematic diagram 

of Sa and Sb steps are shown in Figure 5.12 (c), where each Sb step is centred 

between two neighbouring Sa steps.  
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Figure 5.12 (a) The 2 μm × 2 μm AFM image of Si buffer layer surface showing 

alternating S step pairs; (b) Height measurements of each step on the surface of 200 nm 

Si buffer; (c) Schematic diagram of two S steps where Sb is meandering when compared 

with straight Sa [33]. 

Since surface stress tensor of Si (001) is anisotropic, the alternation of Sa and Sb 

steps, which is energy favoured, is always presented. The S stepped surface will 

kinetically achieve equilibrium once the external energy is applied [54]. For the 

deoxidised Si surface shown in Figure 5.11 (a), the surface-stress-induced strain 

is not fully relaxed and, therefore, the step waviness becomes an efficient way to 

reduce the net stress of surface without regenerating additional steps [46]. By 

contrast, the repeated annealing process in the growth of Si buffer thermally 

activates the strain relaxation process. As shown in Figure 5.12 (a), the 

equilibrium state of S stepped surface is achieved after the cycled annealing of 

thin Si layers for five times, resulting in the formation of the periodic Sa and Sb 

steps. This surface texture is very stable due to the relaxation of surface-stress-

induced strain and the thermal fluctuation (which formed the kinks on Sb steps) 

[45, 46]. 

Besides, the offcut angle of the utilized on-axis Si (001) substrate can be 

determined from Equation 5.1, where 𝜃 represents the misorientation angle of 
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Si substrate, 𝑎  means the step height of S step which is 0.136 nm, and 𝐿 

indicates the half terrace width of neighbouring Sa steps, which is about 80 nm. 

𝑎

𝐿
=  𝑡𝑎𝑛 𝜃                    Equation 5.1 

Therefore, the miscut angle representing this terrace width can be calculated as 

< 0.1°. The miscut angle of on-axis Si (001) substrates is not intentionally selected 

before growth. Considering the unavoidable offcut introduced during the cutting 

process of Si (001) ingot, this angle is clearly within the typical misorientation 

range of on-axis Si (001) substrates.  

 

5.4. Mechanism of Antiphase Boundary Annihilation  

5.4.1. Analysis and Model of Nucleation  

In order to investigate the nucleation of APBs within 1 µm GaAs buffer layer grown 

on on-axis Si (001) substrate with (Sa + Sb) arrays, a cross-section annular dark 

field scanning transmission electron microscope (ADF-STEM) measurement was 

performed by our collaborators in University of Warwick for sample G. As shown 

in Figure 5.13, it can be observed that the APB is nucleated on the edge of the S 

steps and propagates along an energy-favoured (110) plane at LT GaAs 

nucleation layer [55, 56]. The measured line profiles obtained from ADF-STEM 

image indicate the swapping of sublattices of Ga and As atoms across the 

boundary. The red and blue profile lines show the intensities of the atoms, which 

appear in pairs (a ‘dumbbell’) in this [110] projection. As atom is slightly brighter 

than Ga atom due to its higher atomic number, and As atoms are on the top of 

the dumbbell in the left part of the APB. In contrast, in the right part of the APB, 

the As atoms are on the bottom of the dumbbell.  
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Figure 5.13 The ADF-STEM image showing the initial nucleation of APB at a S step [33]. 

Therefore, periodic APBs could be formed on the step edge of periodic S steps, 

where the distance between the neighbouring APBs directly relates to the terrace 

width between Sa and Sb. A schematic illustration of APBs along (110) plane 

nucleated on periodic S steps is shown in Figure 5.14. The period of the APBs is 

generated on the basis of the terrace length between each S step. Further 

measurements demonstrated in the next sections could confirm this 

understanding.  

 

Figure 5.14 Schematic (110) diagram of initial nucleation of APBs on S steps [33]. 
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5.4.2. Surface Measurements at Different Epitaxial Layers 

In order to further understand the mechanism of APBs annihilation on the periodic 

Si atomic steps of (Sa + Sb) during GaAs growth, the layer-by-layer study was 

carried out. For comparison, 250 nm LT GaAs (Figure 5.15 (a)) and 500 nm GaAs 

including both LT and MT GaAs layers (Figure 5.15 (b)) were grown on on-axis 

Si (001) substrates with and without the annealed Si buffer.  

 

Figure 5.15 Schematic diagrams of two groups of samples with different thickness (a) 250 

nm LT GaAs layers deposited on Si substrate with and without Si buffer; (b) 500 nm GaAs 

buffer including LT and MT GaAs layers deposited on Si substrate with and without Si 

buffer.  

For the characterisation of surface morphology, AFM measurements were 

performed for all samples. Figure 5.16 (a) and (b) present the 5 µm × 5 µm AFM 

images of 250 nm LT GaAs layer and 500 nm LT and MT GaAs layer grown on 

on-axis Si substrate without the annealed Si buffer, respectively. For the 250 nm 

LT GaAs, as shown in Figure 5.16 (a), a considerable number of nucleated APBs 

appear randomly, which is consistent with the wavy Si atomic steps after 

deoxidation observed in Figure 5.11 (a). As a two-dimensional planar defect, the 

random distribution of APBs reduces the chances of subsequent annihilation. In 
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addition, most of the APBs are curved, which means that they cannot be fully 

eliminated even if they encounter each other, leaving parts of the APBs still 

propagating through the sample. In Figure 5.16 (b), for the 500 nm LT and MT 

GaAs, an increase of growth temperature during the deposition of MT GaAs layer 

enlarges the boundaries, leaving many voids at the boundaries. Although the 

density of APBs is reduced, the size of APB is visibly larger than that of 250 nm 

LT GaAs layer. Therefore, the crystal quality of subsequently grown HT GaAs 

layer will be degraded. This result indicates that the full annihilation of APB is 

difficult to be obtained on the deoxidised Si (001) without annealed Si buffer.  

 

Figure 5.16 5 µm × 5 µm AFM images show annihilation of APBs at different stages of 

(a) 250 nm; (b) 500 nm GaAs buffer layer monolithically grown on deoxidised Si substrate. 

(c) 250 nm; (d) 500 nm GaAs buffer layer directly grown on on-axis Si (001) substrate 

with 200 nm Si buffer [33]. 
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Figure 5.16 (c) and (d) show the 5 µm × 5 µm AFM images of 250 nm LT GaAs 

and 500 nm LT and MT GaAs grown on on-axis Si with the annealed Si buffer, 

respectively. Unlike the samples without the annealed Si buffer, the well-

organized periodic APBs can be observed on the surface of 250 nm LT GaAs 

layer (Figure 5.16 (c)), indicating the nucleation of APBs at the edge of periodic 

S steps. The distribution of APBs reproduces the structure of periodic S steps, 

which means that the LT GaAs growth on the periodic S steps is insufficient to 

kink the APBs from (110) plane into higher index planes. Such observation is 

unique and different from previously reported Al0.3Ga0.7As nucleation layer on on-

axis Si (001) substrate [32]. In Figure 5.16 (d), the APBs are gradually annihilated 

during the further growth of 250 nm MT GaAs, resulting in a clear reduction of 

APB density. At this stage, a single domain of GaAs starts to dominate on the 

surface and the distance between the neighbouring boundaries increases, 

demonstrating the annihilation of APBs during the growth of MT GaAs. According 

to the discussion in previous sections, the APB-free surface could be achieved in 

sample G after the deposition of last 500 nm HT GaAs. This result indicates that, 

by using the periodic S steps on on-axis Si (001), the APB annihilation process 

can be promoted, eventually realizing a fully APB-free surface in 1 µm thickness 

of GaAs layer.  

 

5.4.3. Cross-section Measurements on Antiphase Boundaries 

The cross-sectional structural properties of sample F (1 µm GaAs grown on Si 

substrate without annealed Si buffer) and sample G (1 µm GaAs grown on Si 

substrate with annealed Si buffer) were also studied by using cross-sectional 

transmission electron microscope (TEM) measurements, which need to thanks 

to our collaborators in University of Warwick. The results are shown with two view 

directions of [110] and [11̅0] as marked in the images. Figure 5.17 (a) and (b) 

show dark-field cross-sectional TEM images of sample F and sample G with a 
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view direction of [110], respectively. In Figure 5.17 (a), twisted pattern of APB is 

observed in GaAs on Si without annealed Si buffer, showing a random distribution 

of nucleated APBs. In contrast, as shown in Figure 5.17(b), periodic arrays of 

APBs are visible for sample G. The distance between APB loops is related to the 

terrace width of S steps, which is around 80 nm in this result. For the sample G, 

the APBs nucleated through the energy favourable (110) plane. Then, the 

subsequent growth of MT and HT GaAs layers drives the APBs to propagate 

along a higher index plane such as (111), (112) and (113) planes [31]. This 

mechanism enhances the probability of APBs to interact and annihilate with each 

other. The kink of APBs can be observed in the region of HT GaAs, which 

eventually leads to the annihilation between each other. In addition, as shown in 

the inset image of Figure 5.17 (b), stacking faults can be observed occasionally 

in the GaAs nucleation layer, leaving no clear impact on the propagation of APBs.  

 

Figure 5.17 Dark field cross-section TEM images of GaAs on on-axis Si (001) of sample 

F (without annealed Si buffer) and G (with annealed Si buffer) with view direction of [110] 

regarding APBs propagation and nucleation. (a) Sample F. (b) Sample G; Inset: Cross 

section TEM image of Stacking fault at nucleation layer [33]. 

The large-scale bright field cross-sectional TEM images of sample F and sample 

G with a view direction of [110] are shown in Figure 5.18 (a) and (b), respectively. 

As shown in Figure 5.18 (a), although most of the APBs are self-annihilated 

during the optimized growth of 1 µm GaAs layer, there are still some left APBs 
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propagating through the whole structure and reaching to the surface. 

Furthermore, the number of remaining random APBs is not sufficient to self-

annihilate each other. On the other hand, in Figure 5.18 (b), the nucleation of 

APBs on periodic (Sa + Sb) arrays follows the terraced steps and, thus, the APBs 

can be effectively annihilated within the 500 nm-thick GaAs layer.  

 

Figure 5.18 Bright field cross section TEM image of GaAs deposited on on-axis Si (001). 

(a) Sample F without annealed Si buffer. (b) Sample G with annealed Si buffer [33]. 

Moreover, Figure 5.19 (a) and (b) exhibit the cross-sectional TEM images of 

sample F and sample G in the view direction of [11̅0], respectively, which also 

identifies a distinct difference between them. As shown in Figure 5.19 (a), the 

APBs propagating through the whole structure can be observed. However, in 

Figure 5.19 (b), due to the formation of straight and parallel S steps towards [110] 

orientation, the periodic APBs nucleation resembles the distribution of the (Sa + 

Sb) arrays along (110) plane, leaving no APBs from [ 11̅0 ] direction. This 

phenomenon is different from the observation in conventional APB-free GaP/Si 

system, where triangle-shaped S steps appear between engineered D-steps and 

the APBs formed on that remained triangle-shaped S steps can be observed from 

both [110] and [11̅0] directions [29, 57].  
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Figure 5.19 TEM image of cross section from viewing direction of [11̅0] for samples. (a) 

Sample F; (b) Sample G [33]. 

 

5.5. Laser Device Characterisation 

To investigate the feasibility of using this APB-free GaAs buffer as a platform for 

the integration of polar III-V optoelectronic devices on non-polar group IV 

substrates, a 1.3 µm InAs QD laser structure was monolithically grown on this 

GaAs/Si (001) platform. First, the 1 µm-thick APB-free GaAs buffer layer was 

grown on the 3-inch N-type on-axis Si (001) substrate with the annealed 200 nm-

thick Si buffer. Then, the Si-doped dislocation filter layers (DFLs), which consist 

of 5 repeats of InGaAs/GaAs strained-layer superlattice (SLS) and a 300 nm 

GaAs spacer, were grown to suppress the propagation of TDs. After the 

deposition of DFLs, a 1.4 µm N-type Al0.4Ga0.6As cladding layer was deposited. 

The active region was grown upon the N-type cladding layer, consisting of 5 

repeats of the optimized InAs/GaAs dot-in-well (DWELL) structure. A 1.4 µm P-

type Al0.4Ga0.6As cladding layer was deposited following the active region. At the 

end of deposition, a 300 nm P-type GaAs contact layer was grown.  

To characterize the grown QDs, TEM and AFM measurements were carried out. 

Figure 5.20 (a) illustrates the bright-field TEM image of the active region, which 

consists of 5 stacks of coherently grown InAs/GaAs QD layers. There is no 

appearance of APBs or TDs, demonstrating the effectiveness of APB-free 
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GaAs/Si (001) platform and DFLs. To characterize the surface of QDs, the AFM 

measurement was also performed on a calibration sample with uncapped 

InAs/GaAs QD layer which has same growth condition of laser structure. The 1 

µm×1 µm AFM image in Figure 5.20 (b) illustrates the distribution of QD layer 

grown on on-axis Si substrate with optimized growth methods. A high QD density 

of 5.4×1010 cm-2 was obtained with a good uniformity.  

 

Figure 5.20 (a) Bright-field cross section scanning TEM image of 5 stacks of dot-in-well 

structure grown on on-axis Si (001). (b) 1 μm × 1 μm AFM image of uncapped InAs QD 

grown on on-axis Si (001) with high QD density [33]. 

To investigate the optical properties of InAs/GaAs QDs, the photoluminescence 

(PL) measurements for InAs/GaAs QD calibration samples grown on GaAs/Si 

(001) platform with/without annealed Si buffer were performed, with an excitation 

source of 635 nm red laser at room temperature. A comparison of their PL spectra 

is shown in Figure 5.21. The PL spectrum based on our APB-free GaAs/Si 

platform with annealed Si buffer shows four-fold improvement of PL intensity at a 

peak wavelength of ~1288 nm, compared with the sample without the annealed 

Si buffer. In addition, the full-width-half-maximum (FWHM) as low as ~27.8 meV 

is achieved for InAs/GaAs QDs grown on APB-free GaAs/Si (001) platform with 

annealed Si buffer. 
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Figure 5.21 Room temperature PL spectra of QD samples grown on on-axis Si (001) 

substrate with and without Si buffer layer [33]. 

For the laser device fabrication, thanks to the work of my colleagues Mr Zizhuo 

Liu and Miss Ying Lu, a broad-area InAs QD laser was fabricated with a strip 

width of 50 µm and a cavity length of 3 mm to assess the quality of APB-free 

GaAs/Si (001) platform. Standard lithography and wet chemical etching 

techniques were performed in the fabrication process. Metal contact of Ti/Pt/Au 

and Ni/GeAu/Ni/Au were deposited on P-type and N-type GaAs contact layers to 

achieve the ohmic contacts, respectively. After the substrate was lapped to a 

thickness of 150 µm, the as-cleaved lasers were mounted on the heat-sink and 

wire-bonded. The characteristics of the fabricated laser were measured under a 

pulsed operation with 1 µs pulses and 1% duty cycle. A photodetector was applied 

normal to the facet to collect the output power. 

A low threshold current density and a high operating temperature are always 

desired for a high-performance electrically-pumped laser. The light-current (LI) 

curves of the InAs QD laser under pulse operation at different operating 

temperatures are shown in Figure 5.22. Owing to the well-developed APB-free 

GaAs buffer and DFLs, a low threshold current density of 83.3 Acm-2 was 
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achieved at room temperature, which is better than the previously reported 

threshold current density for 1.3 µm InAs QD laser on an exact Si (001) substrate 

all grown by MBE at that time [32]. In addition, a high operation temperature up 

to 120 ºC was obtained under a pulsed mode, and a single facet slope efficiency 

of 0.13 WA-1 was obtained, which keeps stable as temperature increased. This 

result proves robust temperature stability of the InAs/GaAs QD laser developed 

upon our APB-free on-axis GaAs/Si (001) platform. 

 

Figure 5.22 Temperature dependent LI curves up to 120 °C of 1.3 µm InAs QD laser on 

on-axis Si (001) [33]. 

In Figure 5.23 (a), the room-temperature electroluminescence (EL) spectra 

versus different injection current densities are illustrated. It can be observed that 

amplified spontaneous emissions happen at injection current densities of 70 Acm-

2 and 80 Acm-2 which are below the threshold. Once the injection current density 

increases over the threshold, the ground state lasing spectrum can be clearly 

observed with a peak wavelength of 1303.9 nm at an injection current density of 

90 Acm-2. As shown in Figure 5.23 (b), a characteristic temperature (T0) of ~55 K 

is obtained between 20 °C and 100 °C, based on the temperature dependency 

of threshold current density. According to the discussion above, by using the 

novel developed APB-free GaAs/Si (001) virtual substrate, the 1.3 µm InAs/GaAs 
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QD laser directly deposited on on-axis Si (001) substrate demonstrates the 

promising performance of low threshold current density and good temperature 

stability. 

 

Figure 5.23 (a) Pulsed InAs/GaAs QD laser on on-axis Si (001) under different injection 

current density; (b) Temperature dependence of the threshold current density reveals 

characteristic temperature T0 of laser device [33]. 

 

5.6. Conclusion 

In this chapter, the APB-free GaAs epi-layers monolithically grown on CMOS 

compatible on-axis Si (001) substrates with periodic S steps has been 

successfully demonstrated by using MBE system only, instead of the 

conventional D-steps achieved by MOCVD systems. Unlike the conventional 

methods such as MOCVD-grown intermediate buffer, patterned substrates, and 

offcut substrates, the use of periodic S steps formed on annealed Si buffer 

provides cost-effective, CMOS-compatible, and straightforward growth of APB-

free GaAs on on-axis Si substrate. The detailed mechanism of APB annihilation 

within the 1 µm GaAs buffer layer grown on periodic S steps of Si substrates has 

been studied by using AFM and TEM. The growth method of all-MBE grown, high 

crystal quality APB-free GaAs layer on on-axis Si (001) was successfully 

developed by combining a temperature-ramping growth and an annealed Si 
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buffer layer with periodic S steps. Alternating straight Sa and meandering Sb steps 

has been obtained on the surface of annealed Si buffer, enabling the APB to 

nucleate along (110) plane and follow the order of (Sa + Sb) arrays. This method 

dramatically enhances the probability of APB self-annihilation during the 

subsequent temperature-ramping growth of GaAs layer, eventually achieving 

APB-free surface of the GaAs on on-axis Si (001) substrate. With the high-quality 

APB-free GaAs buffer layer as a platform for the monolithic integration of III-V 

optoelectronics on CMOS-compatible Si (001), a 1.3 µm InAs/GaAs QD laser 

device was successfully developed. A low threshold current density of 83.3 Acm-

2 was achieved at room temperature under pulse operation. In addition, a high 

operation temperature up to 120 °C has been obtained. The lack of continuous 

wave operation may due to the relatively rough surface of GaAs buffer on on-axis 

Si (001) substrate after the annihilation of APBs, which could be improved in the 

future work. In conclusion, these results indicate that APBs will no longer be a 

fundamental issue for the monolithic integration of polar III-V on on-axis Si (100) 

substrates and form a basis of combining monolithic integration of Si photonics 

with mature CMOS technology. 
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Chapter 6  
 

Summary and Future Work 
 

 

6.1. Summary of Present Work 

In this thesis, a great deal of effort has been devoted to develop the InAs/GaAs 

quantum dot (QD) laser on complementary-metal-oxide-semiconductor (CMOS) 

compatible Si (001) substrate, which is widely considered as a promising 

approach for on-chip light source of Si photonics.  

In chapter 3, for the high-performance QD lasers on Si platform, we first optimized 

the QD active region and III-V buffer on on-axis Si (001). To obtain high density 

of QD with good uniformity, we investigated various growth parameters, including 

growth temperature, As pressure, and In growth rate. As a result, a high QD 

density of 5.9×1010 cm-2 was eventually achieved with a good uniformity, which is 

almost doubled compared to our previous results. The optimized calibration 

sample with 5 stacks of InAs/GaAs QD layers exhibits photoluminescence (PL) 

emission at 1290 nm with full width at half maximum (FWHM) of 30 meV.  
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After optimizing the QD growth, we optimized the III-V buffer on on-axis (001) 

substrate. Since the direct epitaxy of III-V on Si suffers from three main changes, 

such as threading dislocations (TDs), antiphase boundaries (APBs) and thermal 

cracks, various approaches have been adopted to suppress the effect of these 

defects. In this thesis, the efforts are focus on solving the issue of APBs, which is 

a planar defect caused by polarity difference between III-V materials and Si. This 

thesis adopts two approaches to achieve APB-free GaAs buffer on on-axis Si 

(001) substrate, showing different APB annihilation mechanisms.  

According to the discussion in chapter 4, with the help of our collaborator, APB-

free GaAs/Si (001) platform grown by metal-organic vapour-phase epitaxy 

(MOCVD) system is utilized as a virtual substrate for 1.3 µm InAs/GaAs QD laser. 

A double atomic height (D) steps dominant Si surface is achieved by high-

temperature annealing with hydrogen supply in MOCVD system, where 400 nm 

GaAs buffer layer is grown in two steps. The as-grown wafer is transferred into 

our MBE chamber for subsequent laser structure growth. An optimized thin GaAs 

buffer with 2 µm thickness is applied. Eventually, a threshold current density as 

low as 160 Acm-2 is achieved at room temperature under continuous-wave mode. 

A single facet output power of 48 mW is obtained without thermal rollover at an 

injection current density of 500 A/cm2. Much higher output power can be expected 

with higher injection current density. The ground-state lasing operation up to 52 

ºC is observed with a calculated characteristic temperature T0 of 60.8 K from 

16 °C to 36 °C under continuous-wave operation mode. 

In chapter 5, a novel method using annealed Si buffer with periodic single atomic 

height (S) Si steps and optimized GaAs buffer growth has been illustrated by 

molecular beam epitaxy (MBE) only, which is not limited by the requirement of 

hydrogen environment in MOCVD, as well as intentional selection of miscut angle 

of Si. This result significantly simplifies the growth requirements for a high-quality 

APB-free III-V platform on CMOS-compatible Si (001). By applying low-

temperature nucleation layer, three-step growth and temperature-ramping growth, 
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the APB annihilation of GaAs on Si (001) substrate has been promoted. In 

addition, with the annealed 200 nm Si buffer which shows unique periodic (Sa + 

Sb) steps, a fully APB-free GaAs layer has been successfully achieved within 1 

µm-thick buffer. The APB annihilation characteristic is investigated by atomic 

force microscope (AFM) and transmission electron microscope (TEM) 

measurements. Moreover, in order to further investigate the feasibility of using 

this APB-free GaAs buffer as a platform for the integration of polar III-V 

optoelectronic devices on non-polar group IV substrates, a 1.3 µm InAs QD laser 

structure is monolithically grown on this GaAs/Si (001) platform. A threshold 

current density as low as 83.3 Acm-2 is achieved with a high temperature 

operation up to 120 °C under pulse mode.  

 

6.2. Future Work 

6.2.1. Further Optimization on High Quality QD Layers 

Although the 1.3 µm InAs/GaAs QD active region with high QD density over 

5×1010 cm-2 has been successfully demonstrated, there are still more parameters 

to be further optimized. For example, the PL measurement of the currently 

optimized QDs shows average FWHM of ~30 meV, which still needs to be further 

improved. In addition, the density of coalesced dots for InAs/GaAs QD calibration 

samples grown on GaAs and Si substrate are in order of 108 cm-2 ~ 109 cm-2, 

which may broaden the PL linewidth and affect the optical performance of 

fabricated laser devices. Therefore, it is necessary to further reduce the density 

of coalesced dots.  

In the future plan, the growth interruption technique may help to further increase 

the uniformity of QDs and obtain a much narrower FHWM of PL. In addition, in 

order to improve the PL linewidth, the In-flush technique applied in this research 

can be further optimized. Due to the effect of In segregation, introducing an extra 

annealing step after the capping layer and the first 7 nm GaAs space layer may 
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reduce the segregation of In components in the InAs coalesced dots, improving 

the optical performance. Except the discussion above, gain measurement for the 

laser device with optimized InAs/GaAs QD active region can be performed to 

support the research of QD optimization. In order to obtain a much higher gain 

for laser device, more InAs/GaAs QD stacks will be applied in future research. 

For the studies demonstrated in this thesis, 5 stacks of QD layers are utilized for 

the active region, which could be further increased to 8~10 stacks. Meanwhile, 

the growth of upper QD layer stacks should be optimized to maintain a high 

crystal quality. 

 

6.2.2. Further Optimization on O-band Quantum Dot Lasers  

In chapter 4, a low-threshold InAs/GaAs QD laser on MOCVD grown on-axis 

GaAs/Si (001) virtual substrate with reduced III-As buffer thickness has been 

successfully demonstrated. However, the high-temperature performance and 

temperature stability still need to be improved. The future plan could be divided 

into two parts, mainly focusing on the optimization of InAs/GaAs QD active region 

and III-As buffer growth.  

First part is related to the improvement of InAs/GaAs QD active region. This can 

be achieved by introducing P-type modulation doping in QD active region, 

resulting in high gain and enhanced characteristic temperature T0. While the 

current QD density of ~ 4×1010 cm-2 is achieved, in the future, the QD density of 

over 5×1010 cm-2 and narrower PL linewidth are required. In addition, P-type 

modulation doping will be introduced in the capping layer and space layer of 

active region. After the deposition of InAs QDs, the next 12.5 nm GaAs layer can 

be grown as P-type modulation doping layer by introducing Be doping, improving 

the gain and characteristic temperature T0 for laser devices. In this 12.5 nm GaAs 

layer, the first 7 nm GaAs layer will be Be doped capping layer and the rest 5.5 

nm GaAs space layer will grow at low temperature to cover the doped capping 
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layer. At last, 32.5 nm high-temperature grown GaAs space layer will be 

deposited to complete the growth of capping layer and space layer for one stack 

of InAs/GaAs QD layer.  

The second part is to improve the dislocation filter layers (DFLs) and reduce the 

thermal cracks of laser samples. The investigation of TD density at different 

thickness will be performed in the future. Calibration work is required to further 

improve the buffer quality with much reduced thickness. The formation of thermal 

cracks is one of the major issues affecting the yield of laser devices. In order to 

minimise thermal cracks, thinner device structure is necessary. To achieve thinner 

buffer layer, introducing the optimized DFL structures with reduced the repeats 

may become a possible option to solve the issue of thermal crack. While 

maintaining the reduced thickness of DFLs, even lower TD density in the level of 

106 cm-2 should be achieved. Moreover, at end of growth, slowly cooling down the 

substrate temperature with a rate of less than 1 °C/min from GaAs growth 

temperature of ~580 °C to normal stand-by temperature of ~100 °C may also help 

to minimise the effect of thermal cracks. 

 

6.2.3. Future Work on All MBE-grown APB-free GaAs Buffer on On-

axis Si (001) 

We have successfully achieved the APB-free GaAs layer grown on on-axis Si 

(001) substrate in 1 µm thickness by using periodic single S steps, and 

demonstrated a low threshold 1.3 µm InAs/GaAs QD laser with maximum 

operation temperature of 120 °C under pulsed operation. Nonetheless, further 

optimization can be applied to enhance the buffer quality and laser performance. 

Firstly, the surface roughness obtained from the APB-free GaAs surface is around 

5 nm, which is higher than the surface roughness of GaAs/Si (001) grown by 

MOCVD (~0.81 nm). Therefore, in the future, more efforts will be made to improve 

the flatness of APB-free GaAs surface. Secondly, it is necessary to further reduce 
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the GaAs buffer thickness from currently achieved 1 µm, which can be achieved 

by further optimizing the mid-temperature and high-temperature GaAs layers. 

Thirdly, the effect of different As4 and As2 species on the APB annihilation could 

be further investigated, which may help the further optimization of APB-free GaAs 

buffer on on-axis Si (001) substrate. In addition, although high-temperature 

AlGaAs nucleation layer does not show clear function in APB annihilation, it is still 

worthy to further investigate its possible effectiveness because in the growth of 

GaAs on offcut Si, adding Al in the low-temperature nucleation layer usually 

improves the roughness of the surface. Moreover, for high-performance 

continuous-wave 1.3 µm InAs/GaAs QD laser on on-axis Si by all MBE growth, it 

is required to improve the QD active region and optimize the dislocation filter 

layers.  

 


