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Abstract
III-V semiconductor quantum dots (QDs) have shown significant advantages, such as low threshold current, outstanding thermal stability and reduced sensitivity to defects, for application of optoelectronic devices due to their δ-like discrete density of states. Furthermore, integrating such high-quality QDs light emitting source onto a commercial silicon platform could potentially enable the realisation of optical inter-chip connection. Among the methods developed for integration of III-V on silicon, direct epitaxy grown III-V on silicon is extremely challenging due to the large lattice mismatch, thermal expansion coefficient mismatch and the difference between polar and non-polar materials. Typically, lattice mis-matched materials relieve strain by forming misfit defects leading to the formation of threading dislocations, which can propagate into over-lying active layers of devices and damage device performance. 
In this thesis, characterization the InGaAs QDs epitaxy grown on GaAs substrate and Si substrate structure has been performed to enable a deeper understanding of the performance of a c.w. operated InGaAs QD laser grown on a Si substrate. 
Rapid thermal annealing, including post growth annealing and in-situ thermal cycle annealing has been utilized to reduce defect nucleation and propagation. The positive effect of post growth annealing on InGaAs QDs monolithically grown on Si substrate structure was investigated. The annealing effect on the In-Ga inter-diffusion and the change in the size of QDs has been studied as a function of temperature by HAADF-STEM image and EDX analysis, combined with PL optical spectroscopy. Furthermore, the annealing effect on GaAs/Si and AlAs/Si interface, and threading dislocation density has also been demonstrated. The densities of threading dislocations have been measured as a function of annealing temperature. 
The in-situ thermal cycle annealing and optimize of nucleation layer have successfully reduced the threading dislocation density cumulating in the fabrication of a c.w. lasing InGaAs QD laser grown on a Si substrate representing an  important step for Si photonics integration.
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1.1 [bookmark: _Toc498078062]State-of-the-art and research objectives
The current photonics market is dominated by several materials: elemental semiconductors (e.g. Si or Ge), compound III-V semiconductors (e.g. GaAs or InP), rare-earth-doped glasses, silica and semi-conducting polymers [1, 2]. Recent reports [3] reveal that approximately 95% of all semiconductor devices are fabricated on Si substrates, but Si has an indirect bandgap and thus a very low efficiency in photon emission. In contrast, III–V semiconductors are considered as strong candidates of efficient light emitting sources. However, manufacturing constraints generally dictate that devices fabricated from III-V semiconductors tend to still use materials such as GaAs as substrates. Moore’s law [4] predicted the trend that the number of devices per square inch would be doubled approximately every 18 months. However, copper connection is limiting the development of transistor integration on the Si platform [5]. Optoelectronics integration of III-V semiconductors on Si could provide a promising solution to the next stage of inter-chip connection, enabling chip-to-chip and system-to-system optical communications [6, 7]. 
In 1982, Arakawa [8] proposed the concept of semiconductor quantum dots (QDs) for semiconductor laser applications. Since this time, QDs have been widely developed and their performance and application have evolved significantly. For example, there have been a demonstration of a 1.3μm GaAs-based quantum dot laser with room temperature lasing [9], emission with low threshold current density under continue wave (c.w.) mode [10] and devices with reduced temperature sensitivity [11]. III-V QDs offer a novel alternative to conventional quantum well (QW) structures for many optical and electronic applications due to their unique δ-like density of state (DOS), low sensitivity to non-radiative defects and the ability to tune their discrete energy levels [8, 12]. 
To enable the integration of these III-V materials on Si substrates, research by several groups have adopted a number of different approaches. Techniques such as wafer bonding have been widely developed by groups at the University of California Santa Barbara (UCSB) and Intel [13-15]. Feng et al. reported an electrically pumped hybrid AlGaInAs-silicon evanescent laser with c.w. emission using device bonding on silicon-on-insulator (SOI). Groote et al. [16] demonstrated an InP bonding with SOI to produce light emitting diode working at 1300, 1380, 1460 and 1540nm in four sections. Previous researchers have also investigated the development of a group IV laser. Liu et al. [17] demonstrated a Ge/Si laser but struggled with the high loss relating to non-radiative combination with the group IV materials system. More recently, photonics researchers at UCSB and University College London (UCL) have refocused on direct epitaxial growth demonstrating InAs/GaAs quantum dots lasers monolithically grown on Si, Ge and Si/Ge with excellent characteristics. Subsequent high performance QDs lasers and light emitting diodes have been achieved with c.w. operation on Si/Ge and Ge substrates and pulsed operation on Si substrates [18-24]. 
Among these different approaches to optoelectronic integration, direct epitaxy growth of III-V compounds on Si, is considered the most desirable approach for the production and integration of optoelectronic devices on a Si platform. Nevertheless, there are still several issues associated with direct epitaxial growth of III-V compound semiconductors on Si. For instance, anti-phase domains and stacking faults may nucleate during the growth of polar materials on non-polar materials, due to the large lattice mismatch while, strain induced misfit dislocations are generated at the interface of III-V and Si. The Lomer (90°) and 60° defects are known to formed at the III-V/Si interface, and the 60° defects are considered as a source of threading dislocations (TDs) which can propagate towards the surface of the epitaxy films [18-22, 25]. Numerous approaches to reduce defect nucleation and propagation have been proposed in the literature such as, low temperature growth initiation [26, 27], insertion of strained-layer superlattices (SLSs) as a buffer layer [12, 18] and utilization of various tilted vicinal substrates [19]. Unfortunately, even after applying these growth strategies, the residual density of TDs remains, in most cases, too high to achieve useful c.w. laser performance. 
In order to fully optimize the performance of quantum dots (QDs) grown on a Si substrate device and allow for further increase in device density, it is essential to study the GaAs/Si hetero-epitaxial film down to nano-scale. The most well-known and widely used method to study the structure of semiconductor nanotechnology are atomic force microscopy (AFM), scanning tunneling microscopy (STM) and transmission electron microscopy (TEM). AFM and STM are investigative techniques generally applied to plan-view methods for the study of uncapped QDs. However, it is well known that the overgrowth of QDs can influence the structure and properties of QDs [28]. In this current study, as-grown and annealed QD structures within full commercially transferable wafers are to be investigated. Moreover, we are interested in the origin of defects generated at the interface of the two different lattice-mismatched materials, namely Si and GaAs. The structural characterization of multilayer materials with an appropriate resolution can be resolved by using cross sectional TEM. High resolution electron microscopy (HREM) and in particular the recent advances in aberration corrected scanning transmission electron microscopy (STEM) has the ability to resolve at the nanoscale and provide direct evidence of the atomic positions along particular crystallographic directions. Electron microscopy also offers complimentary compositional analysis performed by energy-dispersive X-ray spectroscopy (EDX) or electron energy loss spectroscopy (EELS) [29]. 
It is therefore the aim of this current research project is to utilize high resolution TEM/STEM imaging and analysis and complimentary optical characterization of InAs/GaAs QDs grown on Si substrates and report the effect of annealing on InAs/GaAs QDs and defects caused by GaAs/Si lattice mismatch. 
Three different sample regimes were investigated in this project: 
· The optical properties of InGaAs QDs grown on conventional GaAs substrate are characterized and correlated to the microstructure revealed from TEM studies.
· Secondly, the effect of an ex-situ post growth annealing (PGA) on InAs/GaAs QDs capped by InGaAs strain reducing layers (dot-in-well) structure grown on both GaAs substrates and Si substrates is investigated. 
· Finally, an InAs/GaAs dot-in-well structure grown on a Si substrate treated with an in-situ thermal cycle anneal (TCA) and subsequent c.w. lasing characterization are reported. 
1.2 [bookmark: _Toc498078063]Outline of thesis
This thesis is organized into eight chapters including this introduction (Chapter 1). Chapter 2 gives a literature review including the basic physics of quantum confinement and lasing, the property of semiconductor materials, the introduction to dislocations in III-V semiconductor materials and main holdbacks and opportunities for the development of epitaxial lasers on Si.
Chapter 3 introduces the experimental aspects of the research, including a general background to TEM and STEM, details of the instruments utilized and aspects relating to sample preparation methods. The details of the optical characterization techniques: output light power vs. input current (L-I) measurement, photocurrent spectroscopy (PC) and photoluminance spectroscopy (PL) are also introduced in this chapter. 
Chapter 4 provides a practical introduction to the main analytical methods to be applied in the subsequent research and relates to the study of the InGaAs/GaAs QDs grown using conventional (001) GaAs substrate. The optical properties of these QDs have been investigated by L-I measurement, PC and lasing spectrum. The characteristic temperature (T0) is calculated, through the measurement of the L-I curve of a laser under different temperature conditions. The optical data is correlated to structural analysis obtained from TEM and STEM imaging.  
Chapter 5 reports the study of the effect of PGA on InAs/GaAs dot-in-well structure. Firstly, the effect of PGA on the InAs/GaAs dot-in-well structure grown on GaAs substrate and Si substrate have been compared by PL. Then, the size of the QDs grown on Si substrate have been investigated in as grown, 700°C annealed samples and 800°C annealed samples by high-resolution high angle annular dark field (HAADF) scanning TEM imaging and correlated to PL data. Finally, EDX chemical analysis performed in the STEM provides a compositional profile of the QDs as a function of PGA temperature. 
Chapter 6 describes the effect of PGA effects on the lattice mismatched GaAs on Si epitaxy film. With atomic resolution STEM imaging, the core structure of misfit defects are investigated. The effectiveness of the GaAs buffer layer and subsequent dislocation filter layers (DFLs), consisting of strained layer superlattices (SLSs), is studied with respect to the reduction of the defect density in the overlaying device layers. Furthermore, the influence of PGA on misfit defects on GaAs/Si interface and threading dislocation density in the buffer layers has been quantified as a function of annealing temperature.
In Chapter 7, The InAs/GaAs QDs grown on Si substrate structure using an AlAs nucleation layer, treated with in-situ thermal cycle annealing are fabricated to produce a broadband laser. The performance of the InAs/GaAs QDs lasers and their threshold current obtained under pulsed and c.w. operation is discussed.
Chapter 8 summarizes all the results of this research project and proposes potential further work that may be considered based on the findings and conclusions. 
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[bookmark: _Toc259734874][bookmark: _Toc498078067]2.1 Quantum dot devices
This section gives a brief description of semiconductor principles and quantum dot lasers. 
[bookmark: _Toc259734875][bookmark: _Toc498078068]2.1.1 Absorption, spontaneous and stimulated emission
Lasers are devices that produce coherent, monochromatic and highly directional light. The most basic principle of semiconductor lasers based on the interaction between light and semiconductor materials as illustrated in Figure 2.1. There are three types of transition that can occur in the semiconductor laser cavity: spontaneous emission, stimulated emission (or induced emission) and absorption.
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Figure 2.1: (a) Absorption (b) Spontaneous Emission and (c) Stimulated Emission Process [1]

In the absorption (Figure 2.1 (a)) an electron transits from the valence band (Ev) to the conduction band (Ec) by absorbing the energy from the incident photon. The energy difference between Ec and Ev is usually the bandgap (Eg). The energy of the absorbed photon must be greater than or equal to the band gap. In the radiation of light there are spontaneous emission and stimulated emission. Figure 2.1 (b) shows that an electron initially in conduction band can jump back to valence band and a photon is released irrespective of incident light. This process and the propagation direction of generated photon are both random. In contrast, stimulated emission is that when an electron initially in the conduction band is stimulated by a photon with energy to allows it to jump back to the valence band and generate a photon with the same wavelength, phase and direction as the initial incident photon. The principle of lasing is based essentially on the process of stimulated emission. It provides optical gain to an incident wave by generating a coherent (same direction and phase) wave. Therefore, as long as the stimulated emission process is greater than the absorption in the optical cavity [1] the optical radiation propagating through, it will then be amplified [2, 3].
[bookmark: _Toc259734876][bookmark: _Toc498078069]2.1.2 Lasing
We have described in section 2.1.1 that the principle of lasing relies on the process of stimulated emission, which means it requires a high density of electrons in conduction band for stimulated emission to surpass absorption. However, under thermal equilibrium, more electrons naturally exist in valance band [1]. This leads to the situation in which the process of absorption surpasses the stimulated emission, so that the light is normally absorbed instead of being amplified when propagating through. This results in a decrease of the light intensity. Therefore, we have to drive the material into a non-equilibrium state by pumping energy into it [4]. For a semiconductor laser, the way we inverse the carrier population is by injecting current into a junction-based structure.
A laser, the acronym of "light amplification by stimulated emission of radiation", is generally regarded as a laser oscillator, that is, it is able to generate laser without the need for the input of an initial light wave [5]. This means that a laser performs not only as a light emitter, but also needs to perform as a light amplifier.


Figure 2.2 shows the traditional optical feedback design: the Fabry-Pérot cavity by using two parallel mirrors with facet reflectivity, R1 and R2, at the ends of cavity. To confine the light laterally, at high refractive index gain material is surrounded by a lower refractive index cladding layer [6].

[image: ]
Figure 2.2: Schematic diagram of light in the Fabry-Pérot cavity of semiconductor laser

For laser operation, the optical gain must be overcome the sum of internal loss  (duo to absorption, scattering from material interfaces etc.) and the facet mirror loss (do to the reflectivity of the mirrors). On each round trip the beams pass through the medium twice. 
The fractional loss [6] is
                                                   .                                            (2. 1)
where L is the length of cavity (cm). Assume the gain coefficient per unit length is gth cm-1, the fractional round trip gain is
                                                                                                          (2.2)
Hence 
                                                                                         (2.3)
The threshold gain per unit length is 
                                                                                            (2.4)
where
                                                                                                    (2.5)
[bookmark: _Toc259734877][bookmark: _Toc498078070]2.1.3 Self-assembled QDs for LDs
For lasing action to occurs a population inversion is necessary to achieve to make the high-energy state occupancy is higher than the lower one. The population inversion need for lasing occurs more efficiently as size-quantization introduced by large confinement energy has great effects on the density of states (DOS) of the action region. The DOS in solid-state materials corresponds to the quantity of different states at a specific energy level that electrons may occupy. The bulk semiconductor density of state is dependent on the square root of the energy that requires a large injected current to achieve a population inversion. Moving from quantum well (QW), quantum wire (QWR) to quantum dot (QD) like structure, the DOS of these three structures change from stepwise to delta like state as shown in figure 2.3 [7, 8]. 
It can be seen from figure 2.3 that, in a bulk semiconductor laser, the thermal spreading of the injected carriers over a broader energy range of states results the temperature dependence of threshold current and a reduced gain at a fixed injection energy. In an ideal zero dimensional QD system, carrier motion is confined in three dimensions shown in figure 2.3 (d). If a QD has spatial size Lx, Ly and Lz, the energies of carriers are written:
                                                                                                   (2.6)
                       , ,                                 (2.7)
where is the effective mass of the carrier, h is the Dirac’s constant, and nx, ny and nz are quantum numbers (nx, ny, nz = 1,2,3……) [9]. 
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Figure 2.3: Comparison of density of states for increased particle confinement from (a) bulk, (b) QW, (c) QWR, to (d) QD

Hence, the electrons can only have certain discrete energies and the number of carriers at the certain energy is significantly enhanced, which leads to steeper dependence of the gain on the fixed injection current density, while the transparency current is decreased [7]. Thus, compared to bulk and QW competitors, due to the δ-function like DOS, a reduction in the lasing threshold, an increase in efficiency, less temperature dependence and narrower spectral linewidth are expected of a QDs laser [8]. As the photoluminescence of QDs is relatively weak, additional multiple QWs are used for improving the optical properties of QDs, which called dots-in-a-well (DWELL) [10]. In DWELL structure, the well acts as a carrier reservoir to confine the carriers and then increase the capturing ability of dots. An example of the energy band diagram of DWELL is shown in figure 2.4. 
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Figure 2.4: The energy diagram of DWELL

In a strained layer-by-layer growth, increase the thickness of a layer so that the strain energy, as it is large enough and can decrease its energy by forming 3-D isolated island, strain relaxed, Stranski-Krastanow (SK) growth mode occurs [7]. Consequently, self-organization of 3-D QDs was initially realized in InAs/GaAs material system during an attempt to grow short InAs/GaAs superlattices on a GaAs substrate in 1985 [11]. Subsequently, Huffaker et al. [12] developed a way of growing QDs on a GaAs substrate consistently by molecular beam epitaxy (MBE) which gave emission at 1.3µm in 1998. Following this, in 1999, Lester et al. [13] illustrated the first dot-in-well (DWELL) structure, in which InAs dots were embedded in a quantum well.
Due to the statistical nature of growth, in reality self-organized QDs are usually not very uniform in size, this phenomenon known as inhomogeneity of QDs, resulting the predicted infinite characteristic temperature (T0) has not been achieved. Furthermore, the shape, width and height of QDs influence the quantum confinement of charge carriers and hence determine their optoelectronic properties. Typically, self-organized InAs/GaAs QDs have been reported to have the form of lenses, truncated pyramids or a variety of multi-facetted structures with widths ranging from 15 nm to 40 nm and heights ranging from 5 to 15 nm [7, 14-16]. In this project, the most cited truncated pyramidal island shapes are used to describe the shape of the real self-organized QDs. The size of self-organized QDs in cross-section can be defined by the base diameter and the maximum height of the island as illustrated in figure 2.5. The strain distribution around a 3-D object depends only on its shape but not on its size, and the relaxation of elastic strain energy depends strongly on the shape of islands [7]. For example, an island with small height-to-width ratio is particularly non-relaxed, whereas an island that has a large height-to-width ratio is completely relaxed [7].
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Figure 2.5: Cross-sectional shape of a model single self-organized QD

[bookmark: _Toc498078071]2.2 Semiconductor materials
Semiconductor materials can be divided into elemental semiconductors such as Si or Ge; compound semiconductors from group III and V or group II and VI such as GaAs, GaN, InP etc. and solid state semiconductors such as AlxGa1-xAs, GaxIn1-xAsyP1-y etc. 
By far, Si is most prevalent since it has low cost, high thermal conductivity, largest available wafer diameter than most III-V materials. However, Si, like Ge, is an indirect band gap semiconductor material, in which the electrons prefer to lie in the X-valley of the conduction band, which is not aligned with free holes in the valence band. Therefore, a recombination must involve transfer momentum to the crystal lattice emitting or absorbing a photon (Figure 2.6, right). This results in an extremely poor light emitting efficiency and low light absorption coefficients rendering it particularly unsuitable for many optoelectronic applications [17]. Furthermore, silicon has a relatively low electron mobility, making it equally unsuitable for certain high-speed electronic devices [18]. Nevertheless, Si-based amplifiers, modulators, waveguides, and photodetectors are all well established and many commercialized [19, 20]. However, for Si-based high performance on-chip light-emitting devices there are still many obstacles on the way to realizing optimized optoelectronic integrated circuits.
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Figure 2.6: Energy band structures of GaAs and Si bulk material with direct and in-direct bandgap, and major carrier transition process [60]

Unlike Si, III–V compound semiconductor materials have direct energy bandgaps in which the electrons can recombine with holes with the emission of a photon if the momentum is same between the electron and hole. In addition, most III-V compound semiconductors have higher carrier mobility compared to Si providing superior electronic and optical properties [21, 22]. High-performing III-V semiconductor based laser diodes, light emitting diodes (LEDs), solar cells and other similar optoelectronic devices are now well established on GaAs, InP substrates [23-26]. 
The relationship between bandgap and lattice constants of semiconductor materials plus information about the band type of III-V, II-VI and IV materials are shown in figure 2.7. Lines connecting between two semiconductors indicates that the mixture of the two materials is possible, and how the band gap and the lattice constant will behave. Give an example of GaAs-InAs mixture, the band gap decreases as InAs increases. The 7% lattice mismatch between GaAs and InAs can be used to form InAs/GaAs QDs, which give an emission at 1.3μm where a silicon absorption window and telecommunication wavelength works. By the further introduction of P and Sb to GaAs, it has been shown that the InAs/GaAs QDs can emit at 1.5μm by lowering the strain of GaAs and InAs interface [27]. The lattice constant of GaAs (5.65Å) –AlAs (5.66Å) does not change too much but the band gap changes from direct to indirect as the percent of AlAs increases. Furthermore, GaAs has been proved as an efficient buffer material epitaxy on Si substrate [28], but the 4% lattice mismatch between GaAs and Si will introduce dislocations and it can be dealt with dislocation filter layers. The lattice constant of GaP (5.4505Å) are close to Si (5.431Å), which makes them powerful candidates for a III-V buffer on Si substrate [29]. 
[image: ]
Figure 2.7: The lattice constant vs. the bandgaps of some III-V and II-VI materials [30].
[bookmark: _Toc498078072]2.3 Crystallography and dislocations
The previous sections have already hinted that the predominant obstacle for the deployment of III-V semiconductors on a Si platform is the generation of detrimental crystal defects. Therefore, in the following section, the basic concepts and definitions of type of crystal defects in solid state semiconductor materials will be reviewed. 
[bookmark: _Toc489869223][bookmark: _Toc498078073]2.3.1 Diamond and zinc blende crystal structure
In crystallography, the basic element is unit cell. The unit cell is a structure in which the atoms or molecules are arranged in a specified, repeating pattern in three dimensions. Crystal structures are classified into different types according to the symmetries they possess. In the simple cubic crystal system, there are three main variants of the cubic crystal system: the simple cubic, the body centred cubic (BCC) and the face-centred cubic (FCC) structures. The crystal structure of group IV semiconductor (Si and Ge) is called the diamond structure in which two interpenetrating face centred cubic (FCC) lattices. One sub-lattice is shifted by  relative to the other, where a is the lattice constant [31].

a
x
y
z

Figure 2.8: The GaAs unit cell crystal structure as an example of zinc blende structure

Similar to the diamond structure, compound semiconductor with group III and group V elements have a crystal structure containg two identical interpenetrating face centered cubic (FCC) sub-lattices, named the zinc blende structure, such as GaAs, AlAs, InP etc. The atoms of one FCC sublattice is from group III while the others from group V. Figure 2.8 shows a GaAs unit cell crystal structure as an example of zinc blende structure. 
When studying the crystallography of materials, we need to define the zone axis, which is the direction common to all the planes in the zone. Figure 2.9 displays the atomic structure of GaAs viewed along the [011] zone direction. This particular direction is significant since all the cross sectional TEM specimens studied in this research are observed from this zone direction. Viewed along the [011] direction, the nearest neighbour atoms of the different sub-lattice is a/4 (where a is the lattice constant), which is equal to 0.14nm for GaAs and 0.137nm for Si. 
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Figure 2.9: GaAs crystal structure viewed along [011] zone axis

For InxGa1-xAs or AlxGa1-xAs three elements compound semiconductor structure, In or Al atoms replace some of the Ga atoms in the crystal without changing the crystal structure. But the lattice spacing is larger than in GaAs structure as the size of In and Al atoms are larger than Ga atoms. Then, a build-up in strain energy is introduced and produces lattice-stress [32].  

The powder diffraction data of related materials (Si, GaAs and AlAs) are shown in Table 2.1.
	
	Silicon
	GaAs
	AlAs

	
	PDF 65-1060
SG: Fd-3m
	PDF 32-389
SG: F-43m
	PDF 80-14
SG: F-43m

	“a”
	5.43Å
	5.65Å
	5.62Å

	(hkl)
	dhkl (Å)
	dhkl (Å)
	dhkl (Å)

	111
	3.13
	3.26
	3.24

	200
	2.72
	2.82
	2.81

	220
	1.92
	1.99
	1.99

	311
	1.64
	1.70
	1.69

	222
	1.56
	1.63
	1.62

	400
	1.36
	1.41
	1.41

	311
	1.25
	1.29
	1.29



Table 2.1: The powder diffraction data of Si [33], GaAs [34] and AlAs [35]. 

[bookmark: _Toc498078074]2.3.2 Dislocations and Burgers vectors
A quantity known as Burgers vector are introduced to describe dislocations. Dislocations are carriers of motion and the amount of motion they carry is described by the Burgers vector, b. Draw an atom-to-atom clockwise path clockwise in a crystal containing a dislocation which forms a closed circuit. Such a path is illustrated in figure 2.10 (a) cdefg. Then draw the same atom-to-atom circuit in a perfect crystal, figure 2.10 (b), and the circuit fails to close. The vector which is required to complete the circuit is known as the Burgers vector of the dislocation. 
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Figure 2.10: Schematic diagram illustrating the Burgers vector of an edge dislocation in a crystal. A path is drawn around the dislocation (a). The same circuit is then drawn in dislocation-free crystal and the closure failure is known as the Burgers vector (b).

[bookmark: _Toc489869225][bookmark: _Toc498078075]2.3.3 Types of dislocations
The presence of dislocations can be a serious problem, especially in the growth of semiconductor heterostructures. In optoelectronic devices, dislocations are harmful or even destructive to the device performance [36]. Thus, control of the generation of dislocations is of great importance. Misfit dislocations are very common in hetero-structures [36]. During a lattice-mismatched epitaxial growth, in the initial stages, significant built-in elastic strain energy is stored in the over-layer and distortions are generated. The built-in strain energy increases as the thickness of over-layer increases. Once the built-in strain energy is large enough (that is, at a thickness above some critical thickness), it may be relieved by forming misfit dislocations [37]. Figure 2.11 shows the dislocations are penetrating in the relaxed lattice-mismatched epitaxial layer. 
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Figure 2.11: Strained lattice-mismatched epitaxy layer above critical thickness [38]

There are two basic dislocation types: edge and screw dislocations [36, 39]. The geometry of a crystal dislocation can be specified by its line vector (l) (a vector in the direction of dislocation line (ξ)), Burgers vector (b) and glide plane. For example, an edge dislocation can be constructed by taking out or inserting a half plane from or into a crystal. The positive direction of dislocation line (ξ) corresponds to the position where the half-plane stops. Then, the Burgers vector (b) is perpendicular to the dislocation line vector (l) (shown in figure 2.12 (a)). Therefore, edge dislocations are sometimes referred to as 90° dislocations. A screw dislocation can be constructed by slipping one part of the crystal parallel to the dislocation line. The Burgers vector is parallel to the dislocation line, as shown in figure 2.12 (b). Dislocations in reality are usually neither pure edge nor pure screw dislocations, but are mixed dislocations in which the dislocation line and the Burgers vector forms an angle between 0° and 90° when the shift contains both perpendicular and parallel components [40]. For example, 60° dislocations are often observed in zinc blende and diamond crystal. As shown in figure 2.12 (c), the 60° dislocation exhibits an angle of 60° between the dislocation line vector (l) and the Burgers vector (b). This type of dislocations with Burgers vector equal to  (where: a is the lattice constant) cause close-packed {111} planes to slip over one another [38]. 
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Figure 2.12: The Burgers circuits of an edge dislocation (top) and a screw dislocation (bottom) in a crystal lattice [38]

Dislocations can store energy in the crystal caused by both the dislocations themselves and interactions with each other in the material. The stored line energy of one specific dislocation is roughly proportional to the square of its Burgers vector, |b|2. The interactions of dislocations are difficult at room temperature. An edge dislocation cannot glide in an arbitrary direction. It can only glide in a particular plane that contains both the Burgers vector and the dislocation line. In the contrast, a screw dislocation can glide in any plane, since the Burgers vector lies parallel to the dislocation line both are in any plane that contains the dislocation line, then the screw dislocation can move in any direction perpendicular to its line [40-42].   
[bookmark: _Toc498078076]2.4 Integrating III-V on Si
The concept of integrating of III-V compound semiconductors (and other semiconductor systems) is not particularly new. In fact, considerable research and development has been undertaken over a number of decades in an attempt to achieve this goal using a number of different approaches. Integration approaches that explored to date include: direct mounting integration, wafer bonding integration, and direct epitaxial growth. 
[bookmark: _Toc498078077]2.4.1 Direct mounting integration
Direct mounting integration is the direct integrating of individual fabricated and tested laser diode dies flip-chipped on and coupled to a previously fabricated silicon-on-insulator (SOI) waveguide circuit via solder bumps [22]. The main drawbacks of this method are the accuracy of end coupling between the III–V gain material and the silicon waveguides. Consequently, the alignment is required to be done die per die, which is time consuming and hence expensive. Pre-recess patterned trenches and mode-size converters have been utilized to meet the alignment requirement in both vertical and horizontal directions [43]. Recently, Luxtera Inc. developed a new packaging method utilizing micro-optics and placing an optical isolator between III–V laser and the silicon waveguide to address issue about the reflection and feedback of light between the output facet of the laser and silicon waveguide [44]. Ball lenses, a planar grating and a tuning mirror were used to allow even more accurate alignment. However, the pitch and size of the solder bumps always limit the integration density and the complex, multi-step fabrication processes decrease production efficiency.
[bookmark: _Toc498078078]2.4.2 Wafer bonding integration
Wafer bonding integration indicates transferring the high-quality III-V layer stack from its original host growth substrate to a patterned Si platform. Therefore, this approach can combine the superior gain characteristics of the compound III–V materials and superior passive waveguide characteristics of Si together. Compared to wafer-to-wafer (W2W) bonding, multiple die-to-wafer (D2W) bonding only bond where the III-V materials are required, decreased both time of integration process and consumption of expensive III-V materials [22]. The two main bonding techniques are considered. In the first approach, adhesive wafer bonding makes use of the thermosetting polymer divinylsiloxane-benzocyclobutene (DVS-BCB) to act as a bonding adhesive [45-49]. In the second approach, molecular wafer bonding comprised of oxygen plasma-assisted low temperature molecular bonding and hydrophilic molecular bonding technique [50, 51]. A schematic of the DVS-BCB adhesive bonding and the molecular adhesion bonding is presented in figure 2.13. 
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Figure 2.13: Schematic of (a) DVS-BCB adhesive bonding and (b) molecular adhesion bonding process [49]

The DVS-BCB adhesive bonding technique is easily fabricated and is free from material limitations. As a bonding agent, DVS-BCB exhibits excellent physical properties such as optical transparency, good thermal stability and excellent planarization properties [48, 49]. Nevertheless, as a thermal insulator, DVS-BCB generates a high thermal resistance, thus generating self-heating dissipation, leading to hybrid laser performance degradation [52]. In addition, the thickness of BCB layer is a very important parameter for evanescent optical coupling and optical confinement of the III-V active layer and the SOI waveguides. To solve this problem, a new “cold bonding” process [49] was developed, leading to the development of an ultra-thin and uniform BVB bonding layer (<50 nm), thin enough for effective optical coupling. Subsequently, the DVS-BCB adhesive bonding has been successfully developed into a manufacturing process for the hybrid integration of III–V compound materials on a SOI wafer [52]. The molecular wafer bonding process on the other hand normally indicates a technique in which the SOI wafer surface is coated with a SiO2 cladding layer and mirror polished by chemical mechanical polishing (CMP). Based on this technique, a 1.3μm InAs/GaAs QD laser on Si substrate was reported with a low threshold current density of 205 A/cm2 [50]. 
[bookmark: _Toc498078079]2.4 .3 Direct monolithically grown GaAs on Si
As stated in the introduction, the direct growth of defect free III-V semiconductor on Si has always been the ultimate goal. The final route, hetero-epitaxial growth of III-V on Si substrate still exist three main types of defects: anti-phase domains (APDs), micro-cracks and threading dislocations (TDs). 
Firstly, due to the mismatch in thermal expansion between III-V compound materials and Si, the tensile stress in III-V epitaxy layer can result in crack formation on cooling (from a typical growth temperature of >500°C to room temperature) during the growth process. Slowly cooling down the Si substrate after growth and the use of thin compressive materials such as GaAs and AlAs, in the buffer layers has been utilized previously to suppress the formation of micro-cracks [54, 55]. 
Moreover, APDs can be generated when planes with the wrong stacking order appear and subsequent planes follow it in their patterns in the ordered compound materials have two different atomic sub-lattices. In GaAs monolithically grown on Si substrate, the APDs are formed due to the impossible connection between As and As or Ga and Ga atoms [56]. The two-step growth technique and off-cut Si (100) substrate oriented 4° to <110> can suppress APDs by letting them intersect from two directions [57], as shown in figure 2.14. 
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Figure 2.14: The model of APDs and annihilation of APDs in GaAs/Si interface

[bookmark: OLE_LINK5]Thirdly, the lattice mismatch between III-V compound semiconductor materials and Si can induce misfit dislocations [58]. Point defects such as misfit dislocations do not reduce the crystal quality too much, however, such defects can form TDs as a way to relive the internal stress. The atoms along TDs are depleted due to the crearion of create deeper states which are occupied by majority carriers. These act as non-radiative recombination centre for minority carriers and promote dark line defects in semiconductor devices, hence degrade the performance of opto-electronic devices [55]. Typically, the density of TDs in GaAs epitaxy grown on offcut Si substrate is of the order of 1010/cm2 [28, 59 and 60], which is much higher than the typical TD density of (~103/cm2) exhibit in GaAs grown on traditional GaAs substrate wafers [61]. By inserting a buffer layer with an appropriately matched lattice constant and similar thermal expansion coefficient between the Si and the active layer to shield the active layer from TDs, such as SiGe [62], GaSb [63] and GaAs [64], the density of TDs in active layer can be reduced effectively. More recently, Lee et al [65] have demonstrated from observations of the PL that, an AlAs nucleation layer (NL) provides better defect confinement ability than a simple GaAs NL and consequently offers a significant reduction in the subsequent TDs. In addition, the effects of super-lattice strained layers (SLSs) in suppressing the propagation of TDs has been explored and the comparison between an InGaAs/GaAs SLSs and an InAlAs/GaAs SLSs revealed the InAlAs/GaAs SLSs are more effective in suppressing the propagation of TDs by PL test [63]. Currently, feasibility of electrically pumped InAs/GaAs QD lasers epitaxy grown on Ge, Ge-on-Si, and Si substrates have been demonstrated to a certain extent in recent years [59, 60, 65, 66], driving forward the goal of the monolithic integrated on-chip laser.
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[bookmark: _Toc498078083]3.1 Transmission electron microscopy 
The increasing drive towards the further miniaturisation of semiconductor devices places increasing demands on the techniques applied to both process and characterise these devices. Moreover, to fully appreciate the impact for example of design, processing and fabrication on device performance it is recognised that detailed characterisation of the materials structure at the atomic scale holds the key [1]. Transmission electron microscopy (TEM) is one of the most universal techniques to provide the necessary spatial resolution, and many advanced qualitative and quantitative techniques have been developed. These include imaging techniques such as high resolution lattice imaging (HREM), scanning transmission electron microscopy (STEM), and analytical techniques including energy dispersive X-ray spectroscopy (EDS) and electron energy-loss spectroscopy (EELS) [1]. This chapter will briefly introduce the background, principle and components of the TEM. Since the quality of the specimen is very important, the cross-sectional sample preparation methods which have been used in the TEM sample preparation will also be described.  
[bookmark: _Toc498078084]3.1.1 Structure of the instrument
TEM offers the possibilities to characterise materials on the nanoscale, using high energy electrons, typically between 80 and 400kV as the illumination source. As shown in figure 3.1 a typical TEM has three essential components.



Figure 3.1: Schematic of three essential components in TEM

The first component (1) is the illumination system which consists of the electron gun and the condenser system. The electron gun emits electrons which are then accelerated down the microscope column by an applied potential typically between 80 to 400kV for most materials science applications. There are generally four different designs of electron source for TEM: thermionic tungsten (W), thermionic lanthanum hexaboride (LaB6), Schottky field-emission gun (S-FEG) and cold field-emission gun (C-FEG) [1]. The TEM work performed in this project utilized a JEOL 2010F (Figure 3.2(a)) equipped with S-FEG normally operating at 200kV and a JEOL R005 (80-300kV) equipped with both imaging (TEM) and probe (STEM) aberration correctors and a C-FEG source (Figure 3.2(b)). The Schottky field emission gun of the JEOL 2010F provides a very stable, bright electron source, with a relatively narrow spread of electron energy (~0.8eV) and can generate small electron probes allowing imaging and analysis at the nanoscale. This instrument offers a point resolution for HRTEM of 0.19nm (Cs=0.5mm) and the resolution in scanning transmission mode is ~0.30nm. [2]. JEOL R005 can form a sub-nanometer electron probe in scanning mode and achieve a <0.5  resolution [3]. Below the electron gun a series of condenser lenses and apertures define the illumination angle. In the both instruments, the illumination system can be operated in two modes: parallel beam used for TEM imaging; convergent beam used for diffraction and STEM. The distinction between these two main operation modes will be discussed in more detail later in section 3.2.
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Figure 3.2: (a) The University of Sheffield JEOL 2010F; (b) JEOL R005 aberration corrected TEM/STEM

In the second region (2) of the Schematic shown in Figure 3.1, is the image forming system which include three lens group (objective, intermediate and projector lenses), apertures and the specimen. For a crystalline material if the specimen is oriented relative to the incident electron illumination such that one or more of its crystallographic planes obey Bragg’s law,
                                                                                                          (3.1)
(in which λ is the electron beam wavelength, θ is the incident angel,  is the distance between the single crystal planes), the electron beam passing through the material are diffracted. The electrons scattered are focused by the objective lens in the back focal plane to form the diffraction pattern and then recombined to form an image in the image plane, as Figure 3.3 (a) shows. In conventional imaging mode, it is required that the intermediate lens is adjusted such to make sure the image plane of the objective lens is the object plane of intermediate lens (shows in Figure 3.3 (b)). 



Figure 3.3: Two basic operations of a TEM image system (a) diffraction mode and (b) conventional imaging mode [1]

At the bottom of schematic is the imaging recording system. This usually includes a fluorescent screen for viewing and focusing the image, and a range of detectors for recording the imaging signal. For example, the JEOL 2010F utilised in this work is fitted with both conventional photographic plates, a TV rate camera and a 1K×1K CCD camera (Gatan Image Filter (GIF)) in addition to both bright field and annular dark-field STEM detectors.   
[bookmark: _Toc498078085]3.1.2 Lens Aberrations
In reality, the components of an electron microscope are seldom perfect and the overall performance may deviate considerably from that expected under ideal conditions. The limitations presented by the existence of a finite objective aperture are unavoidable and in fact the bore of the microscope column itself can be considered as a large finite aperture. Hence, in practice it is the aberrations, such as those that exist within the lens system, which ultimately control the resolution of the microscope. As such, these lens aberrations play a very important role in the formation of the final image and are considered separately below:
(i) Spherical aberration
Spherical aberration provides a fundamental resolution limit for TEM and STEM. It relates to the situation when off axis rays are brought to focus nearer the lens (i.e. before the Gaussian focus of the lens), resulting in a disc of radius rs as shown in Figure 3.4 [4]. The radius rs is given by:
                                                       			                          (3.2)
where Cs is the spherical aberration coefficient;  is the lens aperture. 

β

Gauss focus plane

Figure 3.4: Schematic of the spherical aberration for a single lens.

Spherical aberration has a significant effect on the ultimate resolution of the microscope, the lower the value the better. Typical values of Cs for TEM objective lens are 1.5mm for a general purpose conventional TEM, 0.5mm for a high resolution TEM and <5μm for an aberration corrected TEM.
(ii) Chromatic aberration 
Variations in the wavelength of the electron waves reaching the image plane may be caused by fluctuations in the accelerating voltage or from inelastic scattering within the specimen.  As shown in figure 3.5, since the focal length of the objective lens is dependent on the wavelength of the incident electrons, any variation in the objective lens current will give rise to a corresponding change in focal length [4]. The radius of the disc of confusion rc, due to chromatic aberration Cc is given by:
                                                                                                              (3.3)
Where Cc is the chromatic aberration coefficient;  is the deviation of electron energy; E is the initial beam energy, β is the lens aperture. 


Figure 3.5: Diagram shows chromatic aberration for a single lens

(iii) Astigmatism
Astigmatism caused by a lack of cylindrical symmetry of the magnetic fields of the electromagnetic lens. Thus, the radius of disc can be given by:
                                                                                                                (3.4)
Where rA is the stigmatic resolution;  is the maximum difference in focus from astigmatism; β is the lens aperture. 


Figure 3.6: Ray diagram shows astigmatism for a single electromagnetic lens

Astigmatism may be corrected by careful adjustment of the current in a set of independent stigmator coils which supply compensating correcting fields [1]. In JEOL 2010F, there are stigmator coils to adjust the condenser, objective and intermediate lens in the image system, illumination system and the projector lens respectively.
Recent developments, over the past twenty years or so, to improve the spatial resolution of TEM and STEM by reducing the inherent lens aberrations has led to a number of aberration correction methods by which spherical aberration (Cs) correction and to a lesser extent chromatic aberration (Cc) correction are now routinely possible [5-10]. Two paths to achieve Cs correction has been followed: hardware correctors [5, 10] and software processing [6, 8]. On the other hand, efforts in improve Cc have included the stabilization of power supplies, redesign of the electron emitter [9] or a monochromator which works by dispersing the emitted electron beam and then excluding electrons with different energies. However, while it acts as a filter it can have the drawback of significantly reduceing the beam current [7]. The high performance JEOL R005 TEM/STEM used in part of this study combines both probe and imaging corrector systems to reduce Cs while utilizing a cold field emission gun to minimize the energy spread in the primary electron beam. This set up can subsequently achieve sub-nanometer resolution [8] with a typical energy spread of around 0.4eV (FWHM of the zero-loss EELS peak) [9].
[bookmark: _Toc498078086]3.2 Modes of operation and theoretical background 
[bookmark: _Toc498078087]3.2.1 Principles of image forming in the TEM
The formation of an observable TEM image depends on the generation of contrast. There are three basic contrast mechanisms in TEM imaging: mass-thickness contrast, diffraction contrast and phase contrast. One, two or all three of them may contribute to the formation of the final image [4].
When the primary electrons pass through the specimen, their energy spread and angular range will be effected by elastic and inelastic scattering of specimen. The thicker or of higher density regions will scatter more strong and will appear darker in image [4]. This is known as a bright field image.
For a crystalline specimen, the objective aperture can used to selected either the un-deflected beam and hence generate a bright-field image or a specific diffracted beam to form the final image, thus giving strong contrast to show the regions that are diffracting strongly. It is possible therefore to obtain important features about crystal defects such as stacking faults, dislocations and precipitates. As in the absence of a specimen the background appears dark, the final image is called dark field image [4]. 
Image contrast for thin specimens can be enhanced by using small objective apertures (mass-thickness and diffraction contrast). However, use of small apertures limits the resolution achievement in the final image inevitably since many scattered electrons may be stopped by the objective aperture. For high resolution imaging, a large objective aperture is therefore desirable in order to maximize resolution. The most significant contrast mechanism is then that of phase contrast produced by phase changes introduced by the inherent aberrations of the microscope lens system and the degree of image defocus [11]. 
[bookmark: _Toc498078088]3.2.2 High resolution EM
HREM is one of the most important ways to directly study the crystallographic structure and property of material at the atomic-scale. In HREM, many diffracted beams are allowed to pass through a large objective aperture. These beams then interact with the transmitted beam to form an interference pattern. For a suitably orientated crystalline sample the net result is the formation of periodic lattice fringe patterns in the image plane which can be interpreted on the basis of the spacing and the corresponding intersection angles of crystallographic lattice planes [1, 11].
The physics of image formation in high resolution in high resolution TEM is a vast subject [28]. However, for the purposes of this thesis an explanation using the phase object approximation will be considered. In the phase object approximation, it is assumed that the amplitude changes experienced by the transmitted wave (due to inelastic scattering) are small. Further simplifications which are sometimes made are: (i) that the electron waves are only scattered once on their way through the specimen and that (ii) the diffracted wave amplitudes are extremely weak compared with the transmitted wave amplitude. These additional restrictions lead to the weak phase object approximation (WPOA) in which the scattered wave is always /2 out of phase with the primary beam.  The WPOA is a special case of the kinematical theory of electron diffraction and is only valid for very thin specimens ranging between 5-20Å in thickness. For a weak phase object, the image contrast is related directly to the projected potential (xy) of the object modified by the transfer characteristics of the objective lens. The transfer function T(u) for a WPO then becomes [1]:
	                	    T(u) = A(u) E(u) 2sin(u)		                                (3.5)
where A(u), E(u) and  , are the aperture function, the envelope function and aberration function. This expression is known as the contrast transfer function (CTF). A plot of sin versus u, produces a graphical representation of the CTF of the objective lens. Where sin is close to +1 contrast in the image will be high and positive and atomic scattering centres would appear bright in the image. When sin is close to -1 the contrast is high but negative and the scattering centres will appear dark in the image.  (u) represents the phase change due to the lens aberrations and includes the extent of defocus f , can be express as:
                                      (u) =  f  u2+ ½ Cs 3u4		                  (3.6)
In 1949, Scherzer put forward an optimum CTF by balance the effect of spherical aberration against a particular negative value of f. This optimum is known as the Scherzer focus, fsc and is given by the expression:
                                        fsc =  ̶ (4/3 Cs)1/2	            	                       	(3.7)
The point at which the curve crosses the horizontal axis (sin = 0), for the first time is often termed the point to point resolution of the instrument. Based on Scherzer focus, the point to point resolution can be defined as:
                                                                                                 (3.8)
The point resolution of JEOL 2010F in HREM mode (Cs=0.5mm and λ=0.00251nm at 200kV) is 0.197nm. The point resolution of JEOL R005 in HREM mode (Cs<5µm and λ=0.002nm at 300kV) is 0.04nm. Therefore, for an appropriately orientated specimen the lattice fringes and atomic arrangement can be clearly viewed.
[bookmark: _Toc498078089]3.2.3 Scanning transmission electron microscopy (STEM)
Many modern TEMs are also equipped with STEM capability. In STEM mode, a highly focused probe scans over a defined area in a raster pattern. The transmitted beam or secondary generated signals can be simultaneously recorded point by point by selected detectors [12]. Figure 3.7 illustrates the typical transmitted and secondary signals utilized in the STEM. Transmission beams that are unscattered or only weakly scattered are collected by a central bright field (BF) detector in which regions of no specimen appear brightest. The annular dark field (ADF) detector is a disk-shaped annular scintillator with a hole in its center and scattered beams within the range of 10 to 50 mrad are collected. Beams scattered through high angles (>50 mrads) which result when an electron passes close to an atomic nucleus (like incoherent Rutherford scattering) [29] are collected by a high angle annular detector (HAADF). By collecting only Rutherford-scattered electrons, HAADF gives the possibility to form images that provide information about the materials scattering power which has been shown to be linearly to the thickness [13] and the image contras tis proportional to the square of the effective atomic number (Z). In such Z contrast images, the contrast intensity is such that atoms with higher Z appear brighter relative to atoms with lower Z appear darker [25-27].   
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Figure 3.7: Schematic outline of arrangement of STEM detectors [1]

[bookmark: _Toc498078090]3.3 Analytical techniques in TEM and STEM 
In TEM, the electrons travel through the specimen. The interaction of electrons with the specimen will generate a range of secondary signals, such as backscattered electrons (BSE), Auger electrons (AE), X-ray emission, secondary electrons (SE), cathode-luminescence, elastically and in-elastically scattered electrons and transmitted electrons. These various secondary signals can be detected using a range of different types of detectors and used for image formation and chemical analysis [1]. Some of these signals are summarized in Figure 3.8.
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Figure 3.8: Schematic diagram of signals produced when a high-energy beam of electrons interacts with a thin specimen [1].

The scattered electrons can be divided into elastic collisions with no energy lost and inelastic collisions with electrons in the specimen and lost small energy. The elastically scattered electrons can be used to form diffraction patterns and to form images of the nano-structure of the specimen, while the inelastically scattered electrons contains all the information on the electron distributions in the specimen and the dispersed scattered electrons may be used to form an EELS spectrum, which will be discussed further next section. 
[bookmark: _Toc498078091]3.3.1 Electron energy-loss spectroscopy
Electron energy loss spectroscopy is the analysis technique of the energy distribution in initially electrons, following their inelastic interaction with a specimen. The transmitted electrons are separated according to their incoming energy by a spectrometer and detected by a charge-coupled device (CCD) detector as shown in Figure 3.9. The magnetic prism spectrometer act as a ‘drift tube’, separates electrons of different incoming velocity according to the Lorentz force. The force will cause them to follow a circular orbit. The trajectories of slower incoming electrons are indicated with dashed line in Figure 3.9, allowing the dispersion of electrons to be recorded on the CCD array [17, 18]. In this project, the JEOL 2010F equipped with Gatan Imaging Filter GIF 2000 (1k×1k CCD) was utilised for acquiring EELS spectrum. 
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Figure 3.9: Schematic diagram shows the dispersive principle of the EELS spectrometer

The EELS spectrum can be divided into three regions corresponding to different forms of excitation: the low loss region (Plasmon peaks), the core-loss region (ionization edges) and the zero loss peak (ZLP) (see Figures 3.10). The ZLP is the dominant feature in EELS spectrum of a thin enough sample. It is characteristic of the elastically scattered electrons of the original incident energy, or by phonon scattering (energy loss of a few 10meV) [17, 18]. The low-loss region of the EELS spectrum, involves electrons that interact with the outer-shell electrons of atom resulting in primary electron losses of less than 50 eV, as well as containing the ZLP. Such interaction generates plasmon oscillations and intra-band or inter-band transition. As the intensity and number of plasmon peaks increase with the thickness of specimen, this part of spectrum can be used to measure the thickness of specimen. Above 50 eV is the core-loss region which contains information from the excitation of electrons bound within the inner shells of an atom. It provides information on the localised elemental composition, chemical bonding and electronic structure of the material. 
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Figure 3.10: A typical transmission EELS spectrum of a GaAs sample shown in a linear intensity scale

(i) Measurement of thickness
The thickness can be calculated by the ratio of the total intensity (IT) to the intensity of the zero-loss-peak (IZLP) in the spectrum [18]. 
                                                                                                             (3.9)
In eq. (3.9), λ is the mean free path of the fast elements [19], which has been parameterized in the form
                                                                                                 (3.10)
which E0 is the energy of the fast electrons in keV, Em is the mean energy loss
                                                                                                       (3.11)
Z is the mean atomic number of the composition elements of sample
F is a relativistic factor
                                                                                                           (3.12)
β, the collection semi-angle, defined in Figure 3.11, which is 1.9 mrad when GIF aperture is 0.6 mm in STEM mode (nominal camera length 12cm)
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Figure 3.11: The definition of β in a TEM [1]

[bookmark: _Toc498078092]3.3.2 Energy dispersive X-ray (EDX) spectrometer
Another possible process of electron interaction with a specimen is when the incident electron is in-elastically scattered by the inner shell electron of an atom. Such shell scattering leaves the atom in an excited state. Then, in the ionized atom, a weak binding electron will make a transition to the vacant hole state. The X-ray spectrum contains characteristic X-rays and Bremsstrahlung X-rays. When electrons decelerated by the Coulomb field of a nucleus, the emitted X-rays are bremsstrahlung X-rays which is unwanted. A characteristic X-ray carries a unique energy associated with the difference in energy between an outer and inner atomic shell transitions in an ionized atom. 
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Figure 3.12: The generation of characteristic X-rays

In the current study, energy dispersive X-ray analysis was performed in JEOL 2010F FEGTEM using an Oxford Instruments Si:Li X-ray detector with an atmospheric thin film window. The Si:Li detector is equipped with a liquid-N2 dewar to cool the detector to reduce thermal noise. 

specimen
Detector
Incident Beam
ISIS tower hardware pulse processor
P.C. applications programs: analyzer, Imaging etc.
Display

Figure 3.13: The setup of EDX system

Data analysis (discussed in detail later) was performed using the Link ISIS 300 microanalysis software which allows the element analysis and chemical characterization. Figure 3.13 schematics the EDX system components. The detector detected X-rays and generates a charge pulse which proportional to the X-ray energy. The pulse is then transformed to a voltage signal, after which, the signal is amplified by a field effect transistor [1]. Finally, the detected X-ray becomes a digitized signal, stored in a multichannel analyzer and subsequently displayed as a spectrum with X-ray counts (intensity) as a function of X-ray energy. Each intensity peak corresponds to characteristic transitions which are themselves characteristic of the element. The intensity of the X-ray peak is proportional to the amount of the particular element present and provides a means of determining the percentage of the element present in area of specimen under analysis.
(i) Spatial resolution of EDX
In order to achieve a reliable and accurate quantitative analysis results, some experimental factors need to be considered, such as, absorption, fluorescence, take-off angle and Cliff-Lorimer factor (k-factor) which is the proportionality factor related the measured characteristic X-ray peak intensities to the actual concentration of the specimen. The spatial resolution is given by the diameter of the interaction volume (shown in figure 3.14) from which X-rays are produced. The interaction volume is closely linked to the incident beam diameter and the beam spreading (b) which can be define by the single scattering mode which proposed by Goldstein and Reed [20]: 
                                                                             (3.13)
in which Z and A are the atomic number and weight, respectively; t is the sample thickness;   is the density of material; E0 is the energy of the incident beam (kV). 
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Figure 3.14: The interaction volume of an incident electron beam in the TEM thin specimen 

In this project, the thickness of sample has been determined using analysis of the low-loss EELS discussed previously in section 3.3.1. All of the composition analysis has been performed in STEM mode on the JEOL 2010F in which the diameter of electron beam is of the order of 0.8nm or less depending on the experimental set up. Correspondingly, the interaction volume of incident electron beam decrease dramatically and spatial resolution accurate to the order of a nanometer. 
(ii) EDX quantitative analysis
The Cliff-Lorimer ratio technique [1] below allows the EDX quantification of a thin specimen (assuming the specimen thin enough thus absorption and fluorescence can be ignored) for a multi-element system. Considering a simple two elements (A and B) binary system: 
                                                                                                   (3.14)
Where CA/CB are the weight ratio % of these two elements; IA and IB are the intensity of these elements after background subtraction; kAB is the Cliff-Lorimer factor which is also named “k-factor”. For a ternary or higher order systems, the concentration C can be assumed for each pair of elements:
                                                                                                        (3.15)
                                                     kAC/kBC = kAB                                                                             (3.16)
and                                                                                   (3.17)
kAB is a factor taking element B as a reference. In Link ISIS 300 software, the k-factor takes Si as a reference element. The k-factor is very sensitive to the voltage of the microscope, the detector of EDX system, peak-integration and background subtraction method [1]. 
[bookmark: _Toc498078093]3.4 TEM sample preparation
Good sample preparation is very important for gaining high quality TEM characterization results. The ideal specimen must be uniformly thin and transparent to electrons. Based on the nature of materials, many different methods can be used to prepare the specimen for TEM. In this work, all specimens were prepared by cross-sectional sample preparation to view the cross-section structure of QDs and the interfaces of the different epitaxial layers. The procedures are divided into cutting, preparation of a sandwiched structure, grinding, mechanical polishing and argon ion milling. 
[bookmark: _Toc498078094]3.4.1 Preparation of the sandwich structure
In this work,  and  cross sectional specimens were prepared. As shown in Figure 3.15, two pieces ~2mm×10mm were cut from the wafer by scoring the wafer using a diamond tipped hand-scribe tool followed by mechanical cleaving. The cut sections were then cleaned by a three stage cleaning process using (i) n-butyl, acetate, (ii) acetone and finally (iii) isopropyl alcohol (IPA) and glued face-to-face with supporting GaAs substrates glued on either backside using Gatan G-1TM epoxy resin. The whole sandwiched structure was clamped by a clamping device to ensure an ultra-thin glue line between the blocks, and then the glue was baked in the oven at ~100°C for ~4 hours. Once the glue had cured, the glued sandwich structure was mounted onto a glass slide attached to a fixed tripod polishing block with low melting point wax (~50°) using a hot plate. The assembly was mechanically ground using consecutive 400 grit, 800 grit, 1200 grit, 2000grit and 4000 grit silicon carbide paper, and finally polished using 3um and 1 um diamond paste to achieve a mirrored surface. The sandwich structure was removed from the polishing block and the polished surface repositioned face down. The second side of the sample was treated in the same process stopped at the final thickness is ~40um. Finally, 3.0mm diameter ceramic ring (thickness <100um) were fixed with 5 minute epoxy resin to ensure the area of interest was in the centre. The excess specimen was then removed from the outside edge of the ceramic ring using a sharp scalpel blade and the sample removed from the glass slide by warming on a hot plate to melt to low melting point wax.  Before subsequent ion milling, the sample was further washed in n-butyl acetate to remove traces of the low melting point wax, followed by and acetone and a final clean in ethanol.
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Figure 3.15: The shadow parts indicate the pieces cleaved from the wafer. The substrate orientation is (100)

[bookmark: _Toc498078095]3.4.2 Ion milling
Ion milling involves bombarding the sample with energetic argon ions which sputter away the material until it is thin enough for TEM study, typically less than 100nm thick. Three different Ar+ ion milling systems have been used in this work: Gatan 600TMP DuoMill, Gatan precision ion polishing system (PIPS) and Fischione 1010 low energy mill. All of them operate on a similar principle. 
As figure 3.16 shows, two ion beam are positioned on both sides with the sample continuously rotating or under oscillation. 
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Figure 3.16: Schematic of double side ion milling for cross-sectional specimen

The ideal TEM specimen should have as large a thin area of interest as possible including a minimum amount of damage. It is important to control the thinning parameters:  anode current, anode voltage, the incident angle, specimen bias, any rotation or oscillation of the specimen, and single or double side ion milling. During ion milling process, Ar+ bombards the specimen with a specific energy controlled by the anode voltage. At a specified anode voltage, the source current can be changed by the Ar gas flow. Usually, high incident angle, high source voltage and current provides faster ion milling but can lead to more damage of specimen particularly at the surface [30]. Therefore, the source voltage and current in this study were performed at ~3kV and ~4mA with incident angle ~12˚, and reduced to ~1kV and ~1mA with ~5˚ incident angle in the final polishing step.   
[bookmark: _Toc498078096]3.5 Optical characterization 
[bookmark: _Toc498078097]3.5.1 L-I measurement
The first basic characteristic of a fabricated laser to be measured is output light power (mW) vs. input current (mA) (L-I) which can be measured with a setup shown in Figure 3.17 schematically. The sample is put on a thermoelectric cooler (TEC). The TEC and a temperature controller are used to keep temperature constant during experiment, and the power can be either pulse or continuous-wave (CW) depends on analysis. Labview software is used to communicate between the instruments and to record the results.
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Figure 3.17: Sketch of equipment set used to study light-current-voltage (L-I-V) curve

Figure 3.18 shows a typical resulting L-I plot of a quantum dot laser diode. From the L-I curve a number of important parameters can be determined. The first one is the threshold current (Ith), which defines the onset of lasing action. Before the threshold current is reached, spontaneous emission occurs in the device, output increases gradually; however, as device current reaches threshold current, the output increases substantially with small increase in injected current. As threshold current depends on the size and area of the laser devices, the threshold current density (threshold current/area of the device) is more appropriate than threshold current when comparing two lasers. The other important parameter is the conversion rate of the input electric power to laser output power. This is determined by the slope of the L-I curve (ΔP/ΔI) above the threshold current (Ith). Some other additional parameters such as external differential quantum efficiency (ηd), internal loss (αi), transparency threshold current density (J0) can also be extracted if L-I measurements can be taken with different laser bar lengths [21]. 
 

Figure 3.18: A typical L-I curve plus the emission spectrum shown in the inset

In addition, characteristic temperature (T0) can be calculated through measure the L-I curve of a laser under different temperature conditions (see chapter 4.4). 
[bookmark: _Toc259734883][bookmark: _Toc498078098]3.5.2 Photocurrent Spectroscopy (PC)
Photocurrent spectroscopy (PC) is a direct, relatively simple, high-sensitivity and quantitative method to measure the interband absorption spectra of low-dimensional semiconductor structures, such as QWs and QDs [22]. The PC process can be separated into two steps: one is the optical absorption; the other one is the escape of photo-generated carriers and their contribution to generate the PC signal. Therefore, the intensity of PC signal can provide information regarding recombination and escape rates of photo-generated carriers [21]. 
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Figure 3.19: Schematic band diagram of a p-i-n junction under reverse bias [22] 

A schematic band diagram of a p-i-n structure is illustrated in figure 3.19 The p-i-n diod is operated in reverse bias which ensures a very strong electric field across the intrinsic region (i-region) with negligible dark current through the device. Photons adsorbed in the i-region generate electron-hole pairs, that are rapidly driven by the electric field, and then escape to external circuit by thermal excitation or tunneling, thus forming the PC signal [21, 22]. 
Photocurrent spectra can be measured with an experimental arrangement as shown in figure 3.20 schematically. The PC experiment is executed on optical p-i-n mesa diodes which are 400um diameter. Light emitted from a tungsten lamp, dispersed through a monochromator and then focused on the p-type surface of the sample. An optical chopper between the light source and the monochromator is applied to modulate the input light beam, and a strong DC bias is applied on the sample by the voltage source, results in an electric field across the i-region along the growth direction. The PC signal is recorded by using standard lock-in amplifier techniques.


Monochromator

Figure 3.20: Schematic diagram of photocurrent experimental setup

[bookmark: _Toc259734884][bookmark: _Toc498078099]3.5.3 Photoluminescence Spectroscopy
Photoluminescence (PL) spectroscopy is a development and diagnostic method for investigating the effect of defects and impurities on the material optical properties [23]. PL spectra can be used to determine the bandgap of a semiconductor and which can be correlated to the elemental composition in compound semiconductors. In addition, the PL spectra can also reveal the optical properties of impurities contained within the host semiconductor materials. The intensity of PL obtained from a material reflects the relative amount of radiative and non-radiative recombination rates. It is known that the non-radiative rates are usually related to impurities and defects. So the PL technique can also be used to monitor the relative variations in material quality as a function of growth conditions or re-growth techniques [23].   
Photoluminescence (PL) is a process of the re-emission of light by inter-band luminescence after the absorption of incident photons. Figure 3.21 shows the diagram of the main process of PL in a direct gap semiconductor material. The injected photons provided by an excitation source (such as a laser or a lamp) are absorbed. When the energy of injected photons greater than the band gap of the materials (Eg), the absorption of photons may inject holes into the valence band and electrons into the conduction band. The electrons (holes) are initially created in states high up in the conduction band (valence band), and they relax to the bottom of their bands by emitting phonons. After they relaxed as far as possible, they can emit a photon or recombine non-radiatively [24]. This process occurring during PL in a direct band gap semiconductor is indicated by the cascade of transitions which shown in figure 3.21.
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Figure 3.21: Schematic diagram of the photoluminescence process [24] 

Photoluminescence spectra can be recorded with an experimental arrangement such as the one shown in figure 3.22. The sample is mounted in a vacuum chamber, which is pumped using a high speed turbo pump to a pressure of 10-6. The sample is mounted in a variable temperature cryostat and the temperature can be varied from ~10K to ~320K with a proportional integral derivative (PID) controller. The excitation source used is a 532-nm green laser in which the photons can be generated continuously. Various neutral density (ND) filters are applied to filter the light to different power, and finally illuminated on the sample mounted in cryostat. Two lenses have been used to focus the beam emission from sample, which are followed by a monochromator where the wavelength of the radiation is selected to transmit to the detector. In the current experiment, a Germanium detector is used. An optical chopper synchronises the frequency with sampling frequency.  An adjustable slit is behind the chopper and followed with few mirrors to extend the optical route. The signals from detectors were transmitted to the lock-in amplifier and computer where the spectrum is displayed.
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Figure 3.22: Schematic diagram of PL experimental setup
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[bookmark: _Toc498078101]Chapter 4 
[bookmark: _Toc498078102]Characterization of a commercial InGaAs/GaAs QD wafer
[bookmark: _Toc498078103]4.1 Introduction
The main part of this thesis details the correlation of optical properties to microstructure, therefore, in this chapter, temperature dependent L-I measurement, lasing spectrum and photocurrent (PC) measurements are introduced through the characterization of a lasing device fabricated from commercial InGaAs QD layers sandwiched by p/n doped AlGaAs. The characteristic temperature, T0 is then calculated from L-I data. Finally, TEM characterization has been performed on the sample to provide a greater understanding the optical test data obtained.  
[bookmark: _Toc498078104]4.2 Background
Since the early 1990s, atomic-like QD structures exhibiting unique δ-like state properties have been realized and a rapid progress has been made in fabricating QD lasers [1, 2]. Self-organized growth made an important breakthrough allowing the creation of relatively uniform and high density QD ensembles. Ledentsov et al. [3] reported optically pumped and electrically pumped lasing from self-organized InGaAs/GaAs QDs at both low and room temperature (RT) [4, 5]. A low threshold current density (120 A/cm2) was achieved at 77 K and in the range of 50 and 120 K a good characteristic temperature T0=350K is achieved. In succeeding years, extensive work has been carried out on QD lasers and low Jth and high T0 values have been achieved in QD lasers [6-15], such as Shchekin et al. [15] in which modulation p-type doped the active layer has been proposed to enhance the T0 to 161K in the temperature range from 32K and 176K at a high threshold current (Jth). Alferov et al. [14] reported that the onset of current leakage can be shifted to 220 K with very good T0 of 530 K from 80K to 220 K by growth of the cladding layers at high temperature and optimization of the dot size. Alferov et al. [14] and Liu et al. [13] grew dots in a GaAs/AlGaAs QW or GaAs/InGaAs QW to decrease the escape probability of carriers from the dots and thus to decrease the leakage current. By using this approach, the onset of current leakage has been shifted to RT with T0 of 385K from 80K to 325 K.
Current commercial devices based QDs for applications, such as data communications, sensing and material processing, work in a wide spectral range from the visible to infrared, especially in the 1300nm and 1550nm telecommunication wavelengths [6-15]. Although superior performance over existing semiconductor lasers have already been demonstrated, the full potential is yet to be realized. The earlier models proposed Arakawa [16] predicted an infinite T0, but in reality QDs formed from the S-K growth mechanism are not all identical in size. An ensemble of self-assembled QDs are formed within a Gaussian spread of sizes with a mean size relating to the emission wavelength. This inhomogeneous spread of dot sizes causes a spreading of the gain over a wider spectral range, increasing threshold current densities and reducing peak gain [17]. Furthermore, the inhomogeneous spread of an ensemble of self-assembled QDs can also result in the creation of “dark dots” whose emission wavelength lies outside the homogeneous broadening spectrum. These dots do not emit light but act as non-radiative recombination centre, losing carriers and reducing gain [17]. Therefore, a key element in achieving commercial QD lasers has been the development of improved control of the epitaxial process to realise low inhomogeneity, high densities and high initial crystal quality. 
[bookmark: _Toc498078105]4.3 Experimental details
The commercial wafer investigated in this chapter was grown by QD laser Inc. (Japan). Eight layers of InGaAs QD were grown in a MBE system on an n-GaAs substrate. Firstly, 300nm n-GaAs buffer layer was grown on the GaAs substrate. Then, the whole QDs active region was sandwiched by a 1440nm thick Si-doped lower n-Al0.4Ga0.6As cladding layer and a 1440nm thick Be-doped upper p-Al0.4Ga0.6As cladding layer with varying doping levels. The nominal thickness for each barrier is 40nm. Finally, 400nm p-GaAs contact layer deposited on the top. The schematic of the wafer structure is shown in Figure 4.1.
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Figure 4.1: The schematic of QD8 sample

The QD wafer was then fabricated into 3μm wide ridge waveguide devices with segmented contacts by Dr. Kejia Zhou (The University of Sheffield) for lasing characterization. Thin layers of In-Ge-Au and Au-Zn-Au were thermally deposited on the bottom and the top of the device respectively, to provide n-side and p-side ohmic contacts. The multi-section laser devices were then cleaved into 750μm bars. The facets of the devices were left as cleaved. To characterize photocurrent spectrum, p-i-n mesa diodes were fabricated. Firstly, an Au-Zu-Au p-type contact was patterning on the top surface. Then, a wet chemical mesa etches through the active region by using a 1:1:1 mixture of acetic acid, hydrobromic acid and potassium dichromate. Finally, a Ti-Au n-type contact was deposited on the backside of the sample. 
[bookmark: _Toc498078106]4.4 Results and Discussion
[bookmark: _Toc498078107]4.4.1 Optical properties
Figure 4.2 shows a plot of the L-I characteristic measurements as a function of temperature under c.w. operation. The threshold current density is 220A/cm2 at RT. With limited self-heating, lasing c.w. operation up to 80°C was achieved. 

Figure 4.2: Measurement of light verse inject current (L-I) characteristic curves for the 8 InGaAs QDs layers 3µm laser diode operating at various temperatures.

Arakawa shows that in the ideal case of infinite confinement potentials, a QDs laser should have an constant threshold current density with temperature increase [16]. However, in a real QDs laser, threshold current will inevitably change with temperature due to thermalisation of carriers out of the ground state. T0 is a measure of how sensitive the laser is to temperature changes with ideal infinite T0 [18]. 
                                                                                                       (4.1)
                                                                                               (4.2)
Then, T0 can be extracted by plotting the natural log of the threshold current density at each temperature and is given by 
                                                                                                             (4.3)
This is the inverse of the slope of the linear fit line to the data points. Then, from L-I curves the characteristic temperature of the 3µm ridge laser is determined by plotting the Jth data points versus the temperature on a logarithmic scale and then measuring the slope of the linear fit line [18]. 
Figure 4.3 plots the natural logarithm of Jth as a function of temperature for the 8 InGaAs QDs layers 3µm laser diode. Three lines of best fit are plotted highlighting the importance of carefully specifying the temperature over which characteristic temperature is defined. Over the full range of 15~75°C a moderate fit is obtained with T0=37.5ºC, whilst better fits are obtained over shorter temperature span e.g. T0=61.7°C from between 15°C to 40ºC and T0=26.5ºC from 45°C to 75ºC. As the value of T0 is a measure of how sensitive of temperature the device is. A high value of T0 implies that the  and  of the 3µm laser increase less rapidly with increasing temperature, which translates into the 3µm laser is more thermally stable. Here, a poorer T0 for the temperature range from 45°C to 75ºC may relate to the thermal escape effect that more carriers escape from the QD wetting layer to the GaAs waveguide region, and contribute to non-radiative combination [19]. 



Figure 4.3: Graph of logarithm of threshold current density as a function of temperature.

Figure 4.4 shows the lasing spectrum as a function of injected current at 20ºC for the 8 InGaAs QDs layers 3µm laser diode under c.w. condition showing the emission peak is ~1286nm. As the injected current increased, a red shift of the lasing spectrum can be observed which has been proposed to be due to the thermal power rollover [20].


Figure 4.4: The lasing spectrum as a function of injected current at 20ºC for the 8 InGaAs QDs layers 3µm laser diode.

Figure 4.5 shows the photocurrent spectra as a function of bias voltage from 0V to 10V for the 8 InGaAs QDs layers 3µm laser diode. The peaks of the PC spectra have been labeled accordingly. It can be seen that the large energy separation of the InGaAs QD inter-band transitions (ground state and first excited state peaks) implies that the quality of QDs are relatively good and the size of QDs are relatively uniform, and difficult to thermally excite carriers out of GS leading to possible temperature independent lasing characteristics. Furthermore, as the applied reverse bias is increased, a quadratic red shift of ground state (GS) and first excited state (ES1) peaks are clearly observed due to the quantum confined Stark effect (QCSE) and the size-selective tunneling effect that the carrier tunneling rate from smaller dots are faster than those from larger dots at low applied field [21]. 

Figure 4.5: The photocurrent spectra as a function of bias voltage for the 8 InGaAs QDs layers 3µm laser diode at room temperature. The ground state (GS) peak, excited states (ES1 & ES2) peaks and wetting layers peaks have labeled.

[bookmark: _Toc498078108]4.4.2 Microstructural investigation
To correlate the optical characterization to the wafer structure cross sectional TEM/STEM was performed. Figure 4.6 (a) and (b) shows the cross sectional BF STEM overview image of the InGaAs self-assembled QDs active layers with the growth direction pointing from bottom to top at different magnifications. The QDs, barrier layers and cladding layers are clearly defined from the BF-STEM images and the thickness of the various features confirmed from direct measurements taken using the Gatan Digital MicrographTM software. The sample showed relatively good quality, that is, relatively uniform size distribution of the QDs and flat layers. In figure 4.6 (c) a HRTEM image shows the typical size and shape of a single QD. 
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Figure 4.6: (a) and (b) shows BF STEM overview image of the 8 InGaAs QDs active layers and (c) gives a lattice resolved Cs corrected BF STEM image of a single dot.


However, HRTEM and STEM images are subject to both strain contrast and Z contrast that may exist within the 3D islands (QDs) as well as the surrounding materials, which may lead to overestimates of the dot size. Therefore, HAADF-STEM imaging was performed on the active layers (shown in figure 4.7) and the distribution of the widths of 50 QDs plotted, given in Figure 4.8. 


[image: ]
Figure 4.7: HAADF STEM image of 8 InGaAs QDs active layers



Figure 4.8: Widths distribution of 50 QDs in active layer

By analysis the widths of 50 QDs in the commercial InGaAs QDs sample, it can be observed that widths of measured QDs fall in a narrow range of 25nm to 34nm which is relatively small. Therefore, the uniform QDs size distribution in the 8 layer InGaAs QDs sample is consistent with the good homogeneity and the good lasing performance.
[bookmark: _Toc498078109]4.5 Conclusion
We demonstrated temperature dependent L-I measurement and lasing spectrum of commercial InGaAs QDs. The 8 layer InGaAs QDs grown by QD Laser Inc. shows relatively good lasing performance and low temperature sensitivity. Subsequently, cross sectional TEM/STEM work shows good uniformity of QDs which is consistent with the inter-band transitions exhibited in the PC spectrum and good lasing performance.
[bookmark: _Toc498078110] 
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[bookmark: _Toc498078111]Chapter 5
[bookmark: _Toc498078112]The effect of post growth rapid thermal annealing of InAs/InGaAs/GaAs DWELL structure monolithically grown on Si 
[bookmark: _Toc498078113]5.1 Introduction
In this chapter, the optical properties of InAs/InGaAs/GaAs DWELL structure grown on both Si and GaAs substrates have been compared by measurement of the relative PL spectra as a function of rapid post growth annealing temperatures. The characteristics have been assessed in terms of their spectra shift, separation of confined emission states in emissions, intensity of emission and spectral broadening. 
The structure, size and chemical composition of as grown, 700°C annealed and 800°C annealed InAs/InGaAs/GaAs DWELL grown on Si have been studied by high-resolution high angle HAADF STEM imaging and EDX spectroscopy. 
An evaluation of the relationship between the observed PL characteristics and evolution of QDs structure is subsequently presented. 
[bookmark: _Toc498078114]5.2 Background
Compared with the traditional re-growth and selective area growth technique, rapid thermal annealing provides a low-cost, simple and powerful way to tune and enhance the structural and optical quality of the nanostructures, such as band gap energy, confinement and absorption, and thus is potentially offering new type devices and integrated opto-electronic circuits [1]. For example, Sengupta et al. [2] reported tuning of the detection wavelength of infrared photodetectors, Zhang et al. [3] showed an improvement on the band width of superluminescent diodes, while Tatebayashi et al. [4] demonstrated the control of the lasing wavelength of QD lasers. In addition, rapid thermal annealing has been used to reduce the defects generated by low-temperature growth [5] or lattice mismatch [6]. On the other hand, there is evidence to suggest that high temperature thermal annealing will potentially influence the shape, size and composition of quantum-confined semiconductor structure due to an intermixing process [7-11]. 
The rapid thermal annealing (RTA) process is usually performed in the reactor growth chamber or in a sealed rapid thermal analysis system in a nitrogen atmosphere. Many techniques have been applied to deliberately promote intermixing. For example, impurity-induced disordering (IID) achieves intermixing by introducing impurities/dopants to break the defect concentration equilibrium and hence enhance the self-diffusion of group-III/V materials [12]. As shown in Figure 5.1, impurity free vacancy disordering (IFVD) is achieved by capping with dielectric layers, such as SiO2, Si3N4 and TiO2, that introduce vacancies at the interface which inter-diffuse into the crystal structure during thermal annealing [13] (IFVD has been used in this project). In a typical GaAs system a SiO2 cap is widely used during the annealing process to induce gallium atoms to dissolve into the SiO2 cap and create Ga vacancies which then diffuse through the heteroepitaxial structure and cause intermixing [14].
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Figure 5.1: A schematic representation of the inter-diffused in heteroepitaxial structure during IFVD intermixing process. The Ga vacancies diffused between two materials. 

The process of intermixing provides an attractive means to combine subtle band gap tuning with the benefits offered by quantum dot technology previously. During the quantum dot intermixing (QDI) process, the atoms inter-diffusion between the QDs and the surrounding barrier layers is not only influenced by the difference in thermal expansion coefficients between the QDs and the surrounding materials, giving rise to In/Ga inter-diffusion, but is also strongly affected by the size, shape and strain distribution within and around the QD [13]. The change in the optical properties and the related evolution of the QDs structure has been presented by a number of previous researchers. In general, QDI caused by In/Ga intermixing between QDs and surrounding materials leads to the change of composition and size of the QDs, and also leads to the change of the QDs confining potential. There are generally three main effects on optical properties of QDs: a blue shift of PL spectrum, reduction or increase in FWHM of the QD ensemble emission (broadening emission from the QD ensemble at relatively low temperature ~650 °C for highly uniform QDs [15, 16] and a reduction in inter-sublevel energy spacing between confined states [7-11]. 
[bookmark: OLE_LINK9][bookmark: OLE_LINK12]Even though the process of post-growth annealing has been documented for QDs and other structures grown on GaAs substrates by several group [2, 4, 5, 7, 9 and 10], a similar annealing study of QDs grown on Si is still to be fully explored. Hence, in this current work systematic studies on the effect of rapid thermal annealing on the optical properties of QDs grown monolithically on Si are performed. There have been promising results obtained from post-growth thermal annealing related to the inter-diffusion induced tuning of materials and devices [2, 4 and 7]. For the QDs grown on GaAs, the influence of thermal annealing mainly involves intermixing and shape change. However, for QDs grown on Si, the issue becomes more complicated. The complications come from the high density of defects generated in the buffer layers due to the large lattice mismatch between III-V compounds and Si and the residual stress induced by the mismatch of the thermal expansion coefficients of these two materials (as detailed previously in Chapter 2, Section 2.5). Despite these difficulties, it is nevertheless worthwhile to investigate the effects of post-growth thermal annealing on these materials to enable a more robust comparison between the III-V on Si and conventional process. The motivation here is that current epitaxial grown III-V-on-Si materials are much inferior to the III-V-on-GaAs materials in terms of total defect density while post-growth annealing has successfully been used to reduce the defect density by about two orders in epitaxially grown GaAs-on-Si (which will be discussed further in Chapter 6). 
[bookmark: _Toc498078115]5.3 Experimental Details
[bookmark: _Toc498078116]5.3.1 Sample growth
[bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK10][bookmark: OLE_LINK11]The InAs/GaAs QD sample was grown on Si (100) substrate having a 4° offcut towards the [] plane by solid-source molecular beam epitaxy by Prof. Liu H.Y. in University College London (UCL). The schematic layer structure is shown in Figure 5.2(a) Oxide desorption of Si substrate was performed at a temperature of 900°C for 10 minutes. The substrate was then cooled down to 400°C for the growth of a 30nm GaAs nucleation layer. Two repeats of an InGaAs/GaAs dislocation filter layer, consisting of 5 periods of 10nm In0.15Ga0.85As/10nm GaAs superlattices (SLSs) and 300nm spacing layer were grown on the top of an additional 770nm GaAs buffer layer. Then, 50 periods of 2nm GaAs/ 2nm Al0.4Ga0.6As superlattice complete the buffer layer. A typical five-layer InAs/InGaAs dot-in-a-well (DWELL) structure was sandwiched by two 50nm AlGaAs layers and 50nm GaAs layers, grown at optimized conditions as on GaAs substrate [17, 18]. The DWELLs separated by 45nm GaAs spacer layers and each DWELL layer consists of 3 monolayers of InAs QDs grown on 2nm of In0.15Ga0.85As strained buffer layer (SBL) and capped by 6nm of In0.15Ga0.85As strained-reducing layer (SRL). Figure 5.2(b) shows cross-section bright field (BF) STEM image of as grown sample. A high density of threading dislocations (TDs) can be observed generating from the interface of GaAs and Si substrate as a result of the large lattice mismatch and pass towards the surface. Even though the buffer layers and dislocation filter layers partially suppress the propagation of TDs, there remains a quite high density of TDs propagating into active layer and forming potential non-radiative carrier recombination centers [19, 20].
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Figure 5.2: (a) Schematic of InAs/InGaAs dot-in-well (DWELL) structure monolithically grown on Si substrate. The inset sketches the details of DWELL layers. (b) Cross-section BF STEM image of the as grown structure

[bookmark: _Toc498078117]5.3.2 Sample preparation
Before the thermal annealing process, samples were first capped with a layer of plasma-enhanced chemical-vapour deposited (PECVD) SiO2 film. The rapid thermal annealing treatment (RTA) was carried out at 650°C, 700°C, 750°C and 800°C for 30 s. 
Cross-sectional samples for TEM and STEM imaging were prepared parallel to the [] plane by conventional grinding and mechanical polishing methods, followed by Ar-ion milling (Fischione 1010 system, 3kV Ar+ and incident angle of 6°~12°) to electron transparency (as detailed in Chapter 3, section 4).
[bookmark: _Toc498078118]5.3.3 Characterization Methods
For optical studies, the SiO2 capping layer was first removed by a hydrogen fluoride (HF) treatment. Photoluminescence (PL) measurements were performed in a closed-cycle He cryostat under excitation from a 532 nm solid-state laser. The signal was dispersed by a monochromator and collected using a germanium detector.  The laser spot was unfocused. Samples of DWELL structure grown on GaAs with the same layers were processed using identical conditions for comparison.
A series of initial bright-field STEM images were obtained using a C-FEG JEOL R005 double aberration corrected TEM/STEM operating at 300 kV. Lattice resolved STEM high angle annular dark field (HAADF) Z-contrast images, were then obtained with a convergence semi-angle of 21 mrads and a STEM inner annular collection angle of 62 mrads. 
Composition measurements were performed using a thermally assisted Schottky FEG JEOL 2010F microscope in STEM mode equipped with an energy dispersive x-ray (EDX) analyzer controlled by the Oxford Instruments LINK ISIS300 software. Medium spot size and medium condenser aperture (70µm) were used. EDX linescans were performed across QDs parallel to the growth plane by taking EDX spectrum from 30 points. The acquisition live time for taking each point spectrum was set to 20s. 

[bookmark: _Toc498078119]5.4 Results and discussion 
There are three sections in this part. Section 5.4.1 compares the QDs emission spectrum between the QDs structures grown on Si and QDs grown on GaAs substrate after 650°C, 700°C, 750°C and 800°C post growth annealing. The relationship between the change in QDs structure and composition has also been proposed. Section 5.4.2 describes the HAADF STEM imaging of the as grown, 700°C and 800°C annealed samples, which are used to understand the morphological change of QDs during PGA. Section 5.4.3 gives the EDX chemical analysis of the three samples. 
[bookmark: _Toc498078120]5.4.1 Photoluminescence of QDs
Figure 5.2 shows the normalized PL spectra of the samples grown on Si and GaAs substrates respectively.  For both set of samples, no significant spectrum shift is observed until an annealing temperature of 700°C. However, a distinct blue-shift is observed for the PL spectra as the annealing temperatures are increased above 700°C. 
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Figure 5.2: Normalized PL spectra of InAs/InGaAs DWELL structure grown on (a) Si substrate and (b) GaAs substrate after being annealed at different temperatures. The laser exciation is ~100 W/cm2.

This shift is attributed to the In-Ga intermixing during the rapid thermal annealing treatment. The relative difference in shift for the samples grown on Si and GaAs substrates is small. As we expect that the residual stress in the active region to be small, the influence of residual stress on the intermixing may also be small.
Figure 5.3 shows the integrated PL intensity of the samples grown on GaAs and Si as a function of annealing temperatures. At 650°C, the emission signals for both GaAs and Si based samples are improved. At 700°C, the sample grown on Si starts to show reduction in PL intensity. However, the sample grown on GaAs does not show emission reduction until 750°C. Figure 5.3 also compares the emission intensity of the samples grown on GaAs and Si substrates. It is clearly shown that the annealing has a more positive impact on the DWELL grown on GaAs. The change in the room temperature emission intensity upon thermal annealing mainly comes from the change in the non-radiative recombination rate and change in the thermal-assisted escaping rate.  By comparing the different influence of thermal annealing on the PL of the samples grown on GaAs and Si, the effects of annealing on the structural microstructure is quite different for each case. From previous studies of rapid thermal annealing of epitaxial GaAs on Si, the thermal annealing has been shown to improve the structural quality of GaAs on Si (see Chapter 6), however, the PGA tends to generate high-density deep levels induced by increased stress in the material, which can be explain the more distinct improvement in photoluminescence emission after annealing for the sample grown on GaAs.  In addition, modification of the confinement may also play a role in the difference observed in Figure 5.3 for the samples grown on GaAs and Si. The intermixing is a thermally activated process. The defect density and residual stress can both affect the intermixing which then results in different confinement and then different thermally-assisted escape rate. 
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Figure 5.3: (a) Integrated PL intensity of the annealed samples normalized to the as-grown sample. (b) The ratio between the integrated PL intensity of DWELLs on GaAs and Si substrates at different annealing temperatures.

To obtain further insight into the annealing effects on the optical properties of the DWELL structures, the blue shift of the two set of samples were compared for different annealing temperatures as shown in Figure 5.4. At relatively low annealing temperatures, the shift of the sample on Si is larger. On the other hand, the shift of the sample grown on GaAs becomes larger as the annealing temperature increases over 750°C. Therefore, the rapid thermal annealing indeed has different degrees of influence on intermixing for the samples grown on GaAs and Si. More interestingly, there are clearly two temperature regions. The blue shift in emission peak results from two main reasons, a change in the dot composition in a shallower confining potential and an effective increase in the dot size during inter-diffusion [10, 21].  The latter would normally results in a reduced size distribution and hence smaller full width at half maximum (FWHM) of the emission peak.



Figure 5.4: PL emission peak as a function of annealing temperature.

The full width at half maximum (FWHM) is plotted in Figure 5.5. The FWHM is observed to increase for both the samples grown on GaAs and Si substrates. The increase in FWHM is as large as 50nm for the DWELL sample grown on GaAs after being annealed at 750°C. The maximum increase in FWHM for the sample on Si is smaller, about 20nm, and is obtained at lower temperature. Further increase in annealing temperature results in shrinkage in the spectral width. There is a notable correlation between the blue shift and change in FWHM of the samples. In general, for annealing at higher temperatures, the size distribution of the QDs will be greatly improved via the process of In-Ga intermixing [6-10] owing to the increase in dot size and the reduction in composition fluctuations. Therefore, we presume that the thermal annealing induced intermixing on Si substrate is faster which leads to a more distinct change of emission peak and line width at lower temperatures.  At high temperature, the influence of annealing on size distribution is more dominant. As a result, the FWHM reduces again and the blue shift of the DWELL on GaAs becomes larger than that of the sample on Si due to smaller change in size and higher quantum confinement. 


Figure 5.5: FWHM of the PL emission peaks as a function of annealing temperatures for both the samples grown on GaAs and Si substrates.

Figure 5.6 (a) shows an example of Gaussian fit of PL spectra from the GaAs grown on Si. A nearly perfect fit with three Gaussions for the PL spectra is observed. The green dash line peak is for ground state emission, the pink dash line is for first excited state emission and the blue dash line is for second excited state. Then,  denotes the separation between ground and first excited state as shown in Figure 5.6 (a). The energetic positions of the ground and excited state emissions were determined for each spectra for the QDs grown on a Si substrate. For the sample annealed at 800°C no separation was observed as the two peaks merged into a single peak. The spacing between ground and excited state emission as a function of annealed temperature for QDs grown on a Si substrate is shown in Figure 5.6 (b). With increasing annealing temperature, the separation between the ground and first excited state emission reduced gradually from 73nm in the as-grown sample to 47 nm in the sample annealed at 750°C which agrees with the previous observations [21, 22, 23]. The rate of reduction also increased as annealing temperature increase. Some theorretical studies [24-26] have predicted that the space between ground state and excited state of InAs/GaAs QDs decreases as the aspect ratio between the height h and the base length b decreases (as outlined in Chapter 2). 
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Figure 5.6: (a) The peak position of ground and excited emissions were determined by Gaussian fit; (b) The separation between GS and ES1 as a function of annealing temperature for QDs grown on Si substrates. 

All these assumptions are based on the observation from the PL measurements. TEM and related measurements are required to fully understand the impact of rapid thermal annealing on the III-Vs epitaxially grown on Si. 
[bookmark: _Toc498078121]5.4.2 Size analysis of QDs
BF STEM images of as grown and annealed specimens were obtained at relatively low magnification (at ~600kX, for size distribution analysis) while detailed HAADF STEM images of individual QD’s have been taken at high magnification (at ~4MX) for comparison. As the image contrast in HAADF image is approximately proportional to the square of the mean atomic number, assuming pure Rutherford scattering, such images offer an insight into the relative local chemistry of the features. 
Figure 5.7 shows the BF STEM images of DWELL of the (a) as grown sample, (b) the 700°C annealed sample and (c) 800°C annealed sample and a corresponding schematic diagram of the morphological evolution. As the images show, QDs in as-grown sample exhibit a sharp interface and inhomogeneous dot size. After 700°C annealing, the interface of QDs and the surrounding matrix became less distinct possibly due to the thermally intermixing process. However, after 800°C annealing, the QDs uniformity had significantly improved with an increase in the average dot size, with all the dots appearing to become “flatter”.

[100]
As Grown
700°C 
800°C 

Figure 5.7: Cs corrected BF STEM images of DWELL as a function of annealed temperature and related schematic diagram.

Approximately 100 QDs have been measured for each of the as grown, 700°C annealed and 800°C annealed samples using HAADF imaging at 600k magnification to determine the width and height of the QDs. The widths and heights of the QDs were measured by drawing intensity line profiles across the HAADF images. Table 5.1 displays the widths and heights of QDs in the as grown, 700°C and 800°C annealed samples. The widths of QDs in 700°C and 800°C annealed samples increase by 2.1% and 27.7% respectively. On the other hand, the heights do not appear to change significantly, when measurement error is taken into consideration. This would suggest the inter-diffusion predominates within the (100) plane rather than the [100] growth direction. Considering the theoretical QD geometries proposed in references 24-26, this means the aspect ratio between the height h and the base length b is smaller after PGA which is in agreement with the PL observations. 

	Sample
	Width (nm)
	Height (nm)

	As grown
	28.34.6
	8.81.0

	700°C
	30.04.0
	9.00.8

	800°C
	36.42.9
	9.50.9



Table 5.1: Shows the widths and heights of QDs in as grown, 700°C and 800°C annealed samples

A more detailed analysis of width distribution of QDs was given by the histogram presented in Figure 5.8. 



Figure 5.8: QDs widths in as-grown, 700°C annealed and 800°C annealed samples.

Figure 5.9 shows a series of lattice resolved HAADF STEM Z-contrast images (presented in false colour) of typical single QDs as a function of annealing temperature. The increased contrast brightness in the region of the QD reflects the higher mean atomic number due to the presence of Indium. While the Z-contrast images are not specifically indium concentration maps, they highlight the changes in the QD morphology which is likely to be associated with localised indium diffusion. The dot width is 8.81nm in the as grown dots. After 700°C annealing, the image contrast becomes more uniform across the dot region and the quantum dot size increased lateral. After 800°C annealing, the lateral dot size further increased. It is important to note that although the overall aspect ratio appears to change as a function of annealing temperature, the basic shape morphology of QDs remains essentially the same, which is in agreement with the observation proposed in figure 5.7. 
 

Figure 5.9: Cs corrected high resolution HAADF STEM images (shown in false colour) of a single QD as a function of annealed temperature.

[bookmark: _Toc498078122]5.4.3 EDX analysis of QDs
EDX linescans were performed to obtain composition information. Figures 5.10, 5.11 and 5.12 plot the atomic percent (c) of Ga, As and In in the as grown, 700°C annealed and 800°C annealed InGaAs DWELL samples respectively. The presented data is based on the calculations obtained using the Oxford Instruments ISIS300 software assuming a sample thickness T=200nm. The HAADF-STEM images and corresponding HAADF intensity profile across the line scan region are given in parts (a) and (b) respectively. In the corresponding EDX linescans the In concentration profile shows the position of QDs clearly in the as-grown sample. After 700°C annealing, the In distribution became less distinct. After 800°C annealing, the change of In distribution profile became flat and the difference between QDs and surrounding materials decreased, suggesting the distribution of In became less confined with In diffusion into surrounding materials, which is in agreement with the HAADF-STEM images shown in figure 5.9. In addition, the corresponding intensity of the Ga component is observed to increase, while that of As decreased in each sample, and vice versa. Finally, it should be noticed that the average atomic percent of Ga decreased after annealing, which may be caused by the atomic diffusion of Ga into the SiO2 capping layer during PGA process. 
It should however be pointed out that error bar associated with the quantification of these line scans is significant. The accuracy of EDX linescan measurements mainly depends on the resolution of the technique and the approach of quantification. The resolution of EDX linescan, of course, depends on the probe size in STEM mode which is <0.5nm with medium spot size [27]. Based on the thickness calculated by EELS, the beam broadening is estimated to be around 4.5~8nm. Therefore for a linescan incorporating 30 points along 145±10nm is likely to result in a overlap of the analysis volume if the maximum beam broadening is assumed. Nevertheless, another way to improve the accuracy of EDX linescan analysis is to optimize the quantification approach. 
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Figure 5.10: Show (a) HAADF STEM image of InGaAs DWELLs, (b) the ADF intensity and (c) atomic percent of In, Ga and As of line scan region determined by EDX plots under the HAADF STEM image in as-grown sample. 
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Figure 5.11: Show (a) HAADF STEM image of InGaAs DWELLs, (b) the ADF intensity and (c) atomic percent of In, Ga and As of line scan region determined by EDX plots under the HAADF STEM image in 700°C annealed sample. 
（a）
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Figure 5.12: Show (a) HAADF STEM image, (b) the ADF intensity and (c) atomic percent of In, Ga and As of line scan region of InGaAs DWELLs determined by EDX in 800°C annealed sample.
The plots shown in figure 5.10-12 makes a number of assumptions by use of the LINK ISIS3000 software standard parameters and, the error bar of each point spectrum is large. Parri et al [28] and Walther et al [29] have developed an improved approach [28, 29, 30]. Quantitative chemical concentrations of In and Ga in the InGaAs DWELL samples could be derived by the application of thickness dependent k-factors, taking the As (the group V element) as a reference of an assumed concentration (50%). Based on the background introduced in Chapter 5.2, the process of annealing of InGaAs alloy system is group III sub-lattice (In/Ga) inter-diffusion predominates. As the peak fitting and built-in k-factors were unavailable above 20kV energy in the ISIS300 software the In K-lines at 24-27kV were unavailable for analysis and therefore compositional analysis make use of the In L-lines. Then the effective k-factors of InL respect to GaK are used which is given by:
                                                                                             (5.1)
in which, x is the indium fraction of InxGa1-xAs, which is nominally 0.3 in our samples; I is the integrated intensity of X-ray spectrum and A is the atomic weight of the elements (AAs=74.9, AGa=69.7 and AIn=114.8 [31]). 
Parri et al [28] and Walther et al [29] have performed, CASINO simulations of the K/L line intensity ratios vs. sample thickness and the  vs. K/L ratios with different In concentration ( , and have plot, and linear least-squares regressions of this data have been calculated. The thickness of the region under analysis in the as-grown, 700°C annealed and 800°C annealed samples was measured by EELS to be 103±15nm, 60±12.5nm and 85±14nm, respectively. Therefore, the k-factor, , can be taken by substituting the thickness into the two linear least-squares regression lines [28, 29], directly. Finally, based on the Cliff-Lorimer equation:
                                                                                                 (5.2)
The resulting apparent concentration ratio of InL and GaK plots is shown in figure 5.13. Similar to the graphs of In X-ray intensity profiles shown in figures 5.11-13, the position of the QDs through the plot of the concentration ratio of InL/GaK of as-grown sample is clearly defined. After 700°C annealing, the InL/GaK concentration ratio became rambling, which is consist with the poorly defined QDs interface shown previously in figure 5.7. This phenomenon may be caused by the fact that the Ga vacancy diffusion coefficient is constant, independent of In composition at relatively low temperature annealing [32]. In other words, it may caused by the Ga-in diffusion rate being different to the In-out diffusion rate. After 800°C annealing, the InL/GaK concentration ratio of each QD appeared as a Gaussian distribution and the trend of InL/GaK concentration ratio between QDs and surrounding QW layers became well defined but less intense than that exhibited in the as-grown sample. 

Figure 5.13: Comparison of InL/GaK concentration ratio in as-grown, 700°C annealed and 800°C annealed InGaAs DWELLs

The obvious change of InL/GaK concentration ratio between as-grown and 800°C annealed sample agree with the theoretical change of the energy band structure shown in figure 5.1, in which the energy band of InGaAs/InAs heteroepitaxial structure gradually changed at the interface between the QD and the surrounding QW after annealing.  It further verifies that the confinement capacity of the energy band decreased after high-temperature RTA, increasing the rate of thermally assisted escape of carriers, thus, less carriers are available contribute to light emission and the PL intensity is decreased as shown in figure 5.3. 
[bookmark: _Toc498078123]5.5 Conclusion
PGA study has been carried out for the InAs/InGaAs/GaAs DWELL structure monolithically grown on a Si substrate. Firstly, compared to the DWELL structure directly grown on GaAs, the thermal annealing process induces a distinct difference in the tuning of the emission properties. Improvement in emission intensity has been observed at 700°C in GaAs substrate sample. However, due to the stress induced by thermal annealing, the generation of deep levels limits the emission enhancement in a very narrow temperature window. Nevertheless, the simple and cost-effective rapid thermal annealing treatment can improve the optical properties of the samples while preserve the emission wavelength of the DWELL structures grown on Si. 
TEM imaging of the DWELL structures grown on Si substrate revealed that the PGA improved the uniformity of QDs and the size of QDs increased, in accord with red shift and the decrease of FWHM in PL emission spectrum. Finally, EDX linescan provided a semi quantitative analysis of the composition change of DWELL grown on Si in the as-grown, 700°C annealed and 800°C annealed samples. The change of InL/GaK concentration ratio became gradual between QDs and surrounding materials after 800°C annealing. The effect of post growth rapid thermal annealing on the DWELL structures grown on Si substrates has been studied. Analysis of the optical properties, morphology evolution and compositional change of the QDs as a function of annealing temperature showed good agreement. 
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[bookmark: _Toc498078125]Chapter 6
[bookmark: _Toc498078126] The effect of post-growth annealing on threading dislocations in GaAs grown on Si 
[bookmark: _Toc498078127]6.1 Introduction
In the previous chapter, the effect of PGA on InAs/GaAs QDs was demonstrated from the combined evidence of the PL measurements and direct observation in the TEM/STEM. This showed that PGA can therefore be used to tune the optical quality of QDs through modification of the QD size and shape. In addition, the PGA was found to have positive effect on defects and TD density.  
In this chapter, the structural characterization of the GaAs layers grown directly on Si is presented. Extensive TEM/STEM investigations have been performed on the GaAs/Si interface and the over laying buffer layers in as-grown and annealed samples to clarify the effect of PGA on GaAs/Si interface structure and TD propagation. High resolution HAADF STEM imaging has been used to provide direct evidence of the atomic arrangement at the GaAs/Si interface. 
[bookmark: _Toc498078128]6.2 Background
Although the general background of dislocations in semiconductor materials has been introduced in Chapter 2, Section 2.2, further details of the dislocations generated in lattice mismatched systems are presented here for clarity. The presence of misfit dislocations in III-V materials monolithically grown on Si impart a significant impact on the performance of the over grown device layers, particularly so for application in opto-electronic integration [1-5]. The large lattice mismatch (4.1%) and difference in thermal expansion coefficient (200%) between GaAs and Si, results in a large number of defects generated in the epitaxial layer. The nature of the defects that nucleate at the interface plays a very important role in the quality of the subsequent epitaxial layers and the final device properties. These defects can be misfit dislocations, as well as stacking faults and anti-phase domains (APDs) [4-6]. It has been shown that the APDs and stacking faults can be suppressed by off-cutting the Si (001) substrate towards the [110] orientation by 4-6 degrees [7]. According to [8] the Burgers vector of defects parallel or at a 45° angle to the GaAs interface, the misfit defects can be separated to Lomer (90°) defects and 60° defects [6, 9], illustrated in figure 6.1. As figure 6.1(a) shows, Lomer defects have extra lattice fringe along both {} and {111} directions, symmetrical with the [100] direction. Lomer defects have Burgers vector of or  and lie on the (100) plane. Since the Burger vector of Lomer defects are parallel to the GaAs/Si interface and therefore, have no component in the <100> direction, it is not easy for these defects to glide towards the film surface. In contrast to Lomer defects, 60° defects only have an extra lattice fringe along {111} direction (shown in Figure. 6.1(b) and (c)). They have Burgers vectors of , , , , which form a 45° angle with the GaAs/Si interface and, lie on {111} slip planes and hence can easily glides towards the film surface. Therefore, 60° defects can be highly active source to form TDs and stacking faults [10].
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Figure 6.1: The way to define Lomer defect (a) and 60° defect (b and c) in GaAs/Si interface in cross-section version

TDs that propagate in to active device region act as non-radiative carrier recombination centers [4, 7], and potentially reduce minority-carrier lifetime and degrade the properties of light emitting device. The presence of propagating TD’s therefore, remains a major obstacle to the commercial exploitation of GaAs/Si light emitting devices [7]. Hence, one way to improve the potential device performance is to reduce or eliminate these propagating defects as much as possible. Only then will high quality light device on Si substrate be possible which would have a major impact, for instance, making on-chip Si integrated circuits a reality [11]. We have therefore undertaken a systematic study of the GaAs/Si interface region, the generation of TDs and the effect of PGA effect on the TD density. 
The dislocation annihilation including dislocation coalescence, dislocation reemission and movement to edge and interface due to thermal annealing were considered as [12, 13]
                                                                                                   (6.1)
                                                                                                              (6.2)
where D and D2 are density of dislocations and coalesced dislocations; k1 and k2 are dislocation rate constant.  Then, the reaction equations of dislocations are
                                                                                                 (6.3)
                                                                                                                 (6.4)
Here, the equation 6.3 shows dislocation deflection to edge and interface, and equation 6.4 shows dislocation coalescence and reemission. The boundary conditions are as follows: . The resulting solution is
                                                                                             (6.5)
                                                                          (6.6)
where D0 is considered as the as-grown dislocation density, satisfying the boundary conditions. t is considered as the annealing time. And the rate constant k1, k2 are proportional to the average velocity of dislocation (k2/k1 is a constant, b) can be written as 
                                                                                                          (6.4)
Where Ea is the activation energy, Ta is the annealing temperature, k is Boltzmann’s constant and v0 is an intrinsic velocity of dislocation which is very small compared with the exponential term. We can approximate vavg as linear with Ta in a small range of Ta. The results from reference [13] suggest that dislocation movement to edge is thought to be main mechanism on dislocation annihilation in thermal annealed GaAs/Si epitaxial layers. By allowing, equation 6.6 can be written as 
                                                                                    (6.5)
where α is the proportionality constant [13].
When annealing time t is fixed, the dislocation density after annealing D can be plot corresponding to Ta.
[bookmark: _Toc498078129]6.3 Experimental Details 
The experiments in this chapter have been performed on the same batch of samples introduced in the previous chapter. The wafer growth, sample preparation and characterization processes have therefore already detailed in Chapter 5, Section 5.3 and consequently will not be repeated again here. Details of the method used to calculate the density of TDs is however included below.
[bookmark: _Toc498078130]6.3.1 Calculation of threading dislocation density
The density of TDs is an important index to assess the quality of wafer. A large number of methods for calculating the dislocation density have been developed. The most common methods are the etch pit technique (EPT) [14] and TEM relevant methods. The dislocation densities in this project were measured from the bright field cross-sectional STEM images using a method proposed by Ham [15] and developed from papers by Bailey et al. [16]. The dislocation density can be calculated by introducing grid lines to the image and measure the length of the grid lines, thickness of the TEM foil and number the intersections of dislocations and grid lines (shown in Figure 6.2). The density of TDs can be calculated from the equation
                                                           (6.1)
in which  is the dislocation density,  is the number of intersections of dislocations with the projected grid lines,  is the length of lines in the image and  is the thickness of TEM foil which can be obtained from analysis of the low-loss region of electron energy loss spectrum (EELS) [17, 18] as shown in section 3.3.1.
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Figure 6.2: An example of calculating TDD before the first SLS layer

Conventional TEM sample preparation by mechanical thinning and ion beam polishing inevitably produces an electron transparent region that is wedge shaped to some extent with respect to thickness. Consequently for large area analysis the local thickness will vary. To allow for this, the specimen thickness was estimated at a number of locations within the region of interest and the mean thickness used in the TD density calculation for that region. The TD density was subsequently determined between the substrate interface and the first SLS1 and, between SLS1 and SLS2 to enable a direct comparison for the influence of the different annealing temperatures.
[bookmark: _Toc498078131]6.4 Results and discussion:
[bookmark: OLE_LINK13]As seen previously in Chapter 5, Figure 5.2 a high density of TDs are generated at the interface of GaAs and Si substrate as a result of the large lattice mismatch and propagate towards the surface. A detailed analysis of the interface of the GaAs nucleation layer and Si substrate was performed using conventional and aberration corrected TEM and STEM. Figure 6.3(a) and (b) show high-resolution TEM BF images of the GaAs/Si interface illustrating the nominal 4° offcut of the Si substrate towards the [] plane. In figure 6.3(a) the Si surface steps generated by offcut of substrate surface to [] plane appear as periodic light contrast regions localized at the interface. In the lattice resolved image of Figure 6.3(b), the angle offcut from (100) plane towards [] has been measured, as being ° in good agreement with the corresponding wafer specification. 
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Figure 6.3: [110] Cross-section HRTEM image of as grown GaAs/Si interface 
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Figure 6.4: (a) Raw Cs corrected HRTEM image (b)FFT of region around central defect (c) and (d) {111} IFFT of the region around central defect

Figure 6.4(b) shows a power spectrum obtained by taking a Fast Fourier Transform (FFT) around a Lomer (90°) defect indicated in the HRTEM image, figure 6.4(a). By selection of specific {111} type spots in the power spectrum and generating its inverse (IFFT), figures 6.4(c) and (d) the extra {111} plane is revealed in the Si substrate originating at the same point at the interface. 
At the GaAs/Si interface, it is proposed that the 4% mismatch is relaxed mainly by the formation of misfit dislocations located at the interface [11, 19]. Figure 6.5(a) shows low pass filtered HRTEM image of a Lomer defect and the two extra half planes terminate in one atomic ring have been shown clearly. The closely spaced (1~2nm) pairs of 60° defect (Figure 6.5(b)) in which the two additional {111} planes do not terminate in one atomic ring have been observed [20]. 
A more thorough analysis of the two types dislocation core structures are illustrated in figure 6.6. The screw components and strain fields of dislocations introduce local crystal rotations that make it more difficult to determine the atomic positions inside the defect cores using conventional BF TEM imaging. Aberration corrected STEM imaging on the other hand, offers a significant improvement in the spatial resolution, and therefore opens the opportunity to direct imaging of the atomic positions within defect structures. The dumbbell shaped spots obseved in Figure 6.6 (a) and (b) correspond to the projection of the (004) atomic columns of Ga-As or Si-Si viewed along the [] direction. As the imaging intensity in HAADF imaging is approximately proportional to the square of the mean atomic number Z() [21], the Ga-As atomic columns will appear brighter than Si-Si atomic columns. In addition, the As columns should in theory appear brighter than the Ga columns assuming the ordering is not mixed in the projection of the electron probe. In this way, the atomic ordering at the interface can be distinguished and the structure of two defects at the GaAs/Si interface revealed.
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Figure 6.5: (a) Low-pass filtered high resolution TEM image of a Lomer (90°) defect; (b) High resolution HAADF STEM of an example of 60° dislocation pair; (c) High resolution HAADF STEM image of the GaAs/Si interface viewed along . Lomer (90°) dislocations are marked as ˄ and 60° ones with \. 
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Figure 6.6: Atomic resolution HAADF STEM image shows (a) the Lomer (90°) and (b) 60° dislocation core in GaAs/Si interface s and corresponding schematic configuration

Figure 6.6(a) presents an atomic resolution HAADF STEM image of a Lomer (90°) defect core and a proposed structural model overlaid. The atomic position proposed are in good agreement with the calculated model predicted by Vilà et al [22]. The Lomer (90°) dislocation core is a symmetrical 8-atom ring configuration with a single Ga atomic column at the centre of defect core [23, 24]. In contrast to the 90° defect cores, the 60° defect cores at the GaAs/Si interface are asymmetric and are obtained by adding an atomic couple to a standard six-atom ring to form an eigtht-sided configuration. The model for 60° defect core in bulk materials [24] and in heterostructure have been proposed by Vilà [22]. In figure 6.6(b), high resolution HAADF STEM image shows a 60° defect core containing a single column of As dangling bond, consistent with the previously proposed structure for 60° defect core by [22].
Table 6.1 details the results obtained from the analysis of a large number of HAADF STEM images obtained from different regions along the interface. The number of isolated 60° defects observed was found to be similar to the number of Lomer (90°) defects at the GaAs/Si interface in the as grown sample, reducing to one seventh of the total misfit defects after annealing to 800°C. On the other hand, the number of Lomer (90°) defects appeared to increase after 800°C annealing. The number of observed 60° defect pairs remained relatively constant, corresponding to approximately one third of the total misfit dislocations after 800°C post rapid thermal annealing. This latter observation suggest the 60° defect pairs cannot be annealed out, (note that in [19] Tsai and Lee considered 60° defects pairs instead of 90° defects) because of their parallel screw components as proposed by Narayan and Oktyabrsky [20]. It is apparent from Table 6.1 that the isolated 60° defects can react to form 90° defects.  
[110](100)

	
	As grown
	After 800°C annealing

	Type I (90°)
	12
	36.3%
	28
	57%

	Type II(60°)
	11
	33.3%
	5
	11%

	60° dislocation pairs
	10
	30.3%
	16
	32%



Table 6.1: Numbers and percentage of different types of defects at GaAs/Si interface observed before and after 800°Cannealing

Tsai and Lee [19] also reported that 60° defects will always exist even after prolonged and high-temperature thermal annealing hence, a significant density of TDs are likely to still exist in the first buffer layer. To combat this, additional SLSs are introduced in the subsequent epilayer to bend the TDs towards the wafer edge and parallel to the growth plane, or to bend the TDs towards one another such that they annihilate each other [25]. Figure 6.7(a) illustrates schematically the possible interaction between the SLS and TDs: (i) The deflection of TD occurs along SLS interface but the strain produced by SLS is not enough to bend the TD away from surface; (ii) strong strain produced by SLS bending the TD away from the film surface and parallel to the GaAs/Si interface; (iii) two TDs annihilate each other; (iv) mutual annihilation with re-emission. Each of these interaction phenomena have been observed in STEM images (shown in Figure 6.7). As seen in STEM image of Figure 6.8, a significant number of dislocations are terminated or deflected at the first SLS, the density of TDs reduced even further by introducing a second SLS.

(i)
(ii)
(iii)
(iv)
SLS
Si substrate
SLS
SLS
SLS
Si substrate
Si substrate
Si substrate
Deflection + propagation
Deflection to edge
Annihilation
Combination + re-emission

Figure 6.7: Schematics of four possible interactions between the SLSs and TDs in GaAs on Si
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Figure 6.8: Experimental BF STEM images indicating examples of the four interaction mechanisms. The labels in parenthesis correspond to the type of interaction illustrated in the schematic of figure 6.7 

To further demonstrate the effect of post rapid thermal annealing on the evolution of the threading dislocations, low magnification cross-section STEM images of the buffer layers including the two DFLs were observed from the as grown and annealed samples under similar imaging conditions. As seen, in Figs. 6.9 (a), owing to the large lattice mismatch and different thermal expansion coefficient between GaAs and Si, a high density of dislocations are generated at GaAs/Si interface in the as grown sample. Although the two-step low temperature growth technique and SLSs act as dislocation filters, with most of the dislocations being confined before the first SLSs, the density of TD propagating towards the active region nevertheless remains unacceptably high in the as grown sample. 
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Figure 6.9: Cross-section STEM images of DFLs illustrate the effect of annealing on threading dislocation under different temperature conditions 

Figures 6.9 (b), (c), (d) and (e), illustrate the effect of RTA at 650°C, 700°C, 750°C and 800°C respectively. With increasing annealing temperature the TD density are markedly reduced and the continuous threading dislocations become discontinuous after annealing. In addition, there appears more TDs running parallel to the SLSs are observed as a function of increasing anneal temperature which suggest rapid thermal annealing enhanced the role of SLSs —bending TDs into the growth plane [25, 26]. 
Figure 6.10 shows a plot of the extracted threading dislocation density (TDD) in buffer layer of the as grown and annealed samples. The average TDD in the as grown sample is as high as ~ cm-2, whereas the TDD has been markedly reduced to ~ cm-2 after 800°C rapid thermal annealing. The density of TDs during annealing has been shown to be approximately exponential as a function of annealing temperature when the annealing time is fixed at 30s, consistent with the theory present in section 6.2. The density of TDs in the region of “before DFL1” can be fitted using equation 6.5, giving an expression:  where y is the density of TDs and x is the annealing temperature. 


Figure 6.10: The density of TDs after annealing at different PGA temperaturesas-grown


The threading dislocation density in the GaAs buffer layers appear to be markedly reduced by high-temperature PGA. The reactions of dislocations in GaAs on Si substrates have been observed previously by Yamaguchi et.al.[12]. 
Post-growth annealing provides the energy for threading dislocations to interact with each other and SLSs. TDs move to edge and interface; TDs with opposite Burgers vectors meet each other under high thermal stress and annealing temperature and annihilation are assumed [12, 27]. The effectiveness of the SLSs in bending threading dislocations is improved [28]. In figure 6.9, it is obvious that more TDs are parallel to the GaAs/Si interface and SLSs in buffer layer after rapid thermal annealing. Therefore, less TDs pass towards active layer, the density of TDs in upper layers decrease less than in buffer layer. As shown in figure 6.11, the TDD in the area between DFL1 and DLF2 decrease from  to after 800°C annealing.  
The velocity of dislocation glide motion and the concentration of vacancies which enhance the motion of dislocations are exponentially increased with an increase in temperature [12]. Therefore, the TD density is reduced more effectively when the rapid annealing temperature is increased. However, the post-growth annealing process will also influence the active layer, hence the annealing temperatures have been controlled within the limited range of 650°C to 800°C. At 800°C, post-growth rapid thermal annealing shows an effective method of improving the quality of epilayer wafer, providing the motivation to develop in-growth techniques such as thermal cycle annealing which will be discussed in the next chapter.  
[bookmark: _Toc498078132]6.5 Conclusions:
Effects of rapid thermal annealing on GaAs/Si interface and threading dislocation density were investigated in GaAs monolithically grown on a Si substrate. High resolution Z contrast images gave a direct insight into the structure of the 60° and Lomer (90°) defects cores. It was found that isolated 60° defects react to form Lomer (90°) defects during rapid thermal annealing. TD density was markedly reduced in the overlaying GaAs epilayers. This was caused by the reaction and annihilation of dislocations, and also the easy-glide isolated 60° defects reacting to form Lomer (90°) defects with burgers vectors parallel to interface. Thereby, the process of PGA has been demonstrated to improve the quality of GaAs monolithically grown on Si. 

References:
[1] Liang, D., and Bowers, J. E. (2010). Recent progress in lasers on silicon. Nature Photonics, 4(8), 511-517.
[2] Chen, S., Li, W., Wu, J., Jiang, Q., Tang, M., Shutts, S., Elliott, S.N., Sobiesierski, A., Seeds, A. J., Ross, I., Smowton, P. M. and Liu, H. (2016). Electrically pumped continuous-wave III–V quantum dot lasers on silicon. Nature Photonics, 10, 307-311.
[3] Wang, T., Liu, H., Lee, A., Pozzi, F., and Seeds, A. (2011). 1.3-μm InAs/GaAs quantum-dot lasers monolithically grown on Si substrates. Optics Express, 19(12), 11381-11386.
[4] Chen, S. M., Tang, M. C., Wu, J., Jiang, Q., Dorogan, V. G., Benamara, M., Mazur, Y.I., Salamo, G.J., Seeds, A.J. and Liu, H. (2014). 1.3 μm InAs/GaAs quantum-dot laser monolithically grown on Si substrates operating over 100°. Electronics Letters, 50(20), 1467-1468.
[5] Malik, R. J. (Ed.). (2012). III-V Semiconductor Materials and Devices (Vol. 7). Elsevier.
[6] Komninou, P., Stoemenos, J., Dimitrakopulos, G. P., and Karakostas, T. (1994). Misfit dislocations and antiphase domain boundaries in GaAs/Si interface. Journal of Applied Physics, 75(1), 143-152.
[7] Kawanami, H. (2001). Heteroepitaxial technologies of III–V on Si. Solar Energy Materials and Solar Cells, 66(1), 479-486.
[8] Hull, D., and Bacon, D. J. (2001). Introduction to Dislocations. Butterworth-Heinemann.
[9] Fischer, R., Masselink, W. T., Klem, J., Henderson, T., McGlinn, T. C., Klein, M. V., Morkoc, H., Mazur, J.H. and Washburn, J. (1985). Growth and properties of GaAs/AlGaAs on nonpolar substrates using molecular beam epitaxy. Journal of Applied Physics, 58(1), 374-381.
[10] Otsuka, N., Choi, C., Nakamura, Y., Nagakura, S., Fischer, R., Peng, C. K., and Morkoç, H. (1986). High resolution electron microscopy of misfit dislocations in the GaAs/Si epitaxial interface. Applied Physics Letters, 49(5), 277-279.
[11] Miller, D. A. (2000). Optical interconnects to silicon. IEEE Journal of Selected Topics in Quantum Electronics, 6(6), 1312-1317.
[12] Yamaguchi, M., Tachikawa, M., Itoh, Y., Sugo, M., and Kondo, S. (1990). Thermal annealing effects of defect reduction in GaAs on Si substrates. Journal of Applied Physics, 68(9), 4518-4522.
[13] Farrell, S., Rao, M. V., Brill, G., Chen, Y., Wijewarnasuriya, P., Dhar, N., Benson, D. and Harris, K. (2011). Effect of cycle annealing parameters on dislocation density reduction for HgCdTe on Si. Journal of Electronic Materials, 40(8), 1727-1732.
[14] Yonenaga, I., Taishi, T., Huang, X., and Hoshikawa, K. (2001). Dynamic characteristics of dislocations in highly boron-doped silicon. Journal of Applied Physics, 89(10), 5788-5790.
[15] Ham, R. K. (1961). The determination of dislocation densities in thin films. Philosophical Magazine, 6(69), 1183-1184.
[16] Bailey, J. E., and Hirsch, P. B. (1960). The dislocation distribution, flow stress, and stored energy in cold-worked polycrystalline silver. Philosophical Magazine, 5(53), 485-497.
[17] Leapman, R. D., Fiori, C. E., and Swyt, C. R. (1984). Mass thickness determination by electron energy loss for quantitative X‐ray microanalysis in biology. Journal of Microscopy, 133(3), 239-253. 
[18] Malis, T., Cheng, S. C., and Egerton, R. F. (1988). EELS log‐ratio technique for specimen‐thickness measurement in the TEM. Microscopy Research and Technique, 8(2), 193-200.
[19] Tsai, H. L., and Lee, J. W. (1987). Defect structures at the GaAs/Si interface after annealing. Applied Physics Letters, 51(2), 130-132.
[20] Narayan, J., and Oktyabrsky, S. (2002). Formation of misfit dislocations in thin film heterostructures. Journal of Applied Physics, 92(12), 7122-7127.
[21] Muller, D. A. (2009). Structure and bonding at the atomic scale by scanning transmission electron microscopy. Nature Materials, 8(4), 263.
[22] Vilà, A., Cornet, A., Morante, J. R., Ruterana, P., Loubradou, M., & Bonnet, R. (1996). Structure of 60° dislocations at the GaAs/Si interface. Journal of Applied Physics, 79(2), 676-681. 
[23] Vilà, A., Cornet, A., Morante, J. R., Loubradou, M., Bonnet, R., González, Y., González, L. & Ruterana, P. (1995). Atomic core structure of Lomer dislocation at GaAs/(001) Si interface. Philosophical Magazine A, 71(1), 85-103.
[24] Hornstra, J. (1958). Dislocations in the diamond lattice. Journal of Physics and Chemistry of Solids, 5(1-2), 129-141.
[25] Fischer, R., Neuman, D., Zabel, H., Morkoc, H., Choi, C., & Otsuka, N. (1986). Dislocation reduction in epitaxial GaAs on Si (100). Applied Physics Letters, 48(18), 1223-1225.
[26] Yang, J., Bhattacharya, P., & Mi, Z. (2007). High Performance In0.5Ga0.5As/GaAs Quantum Dot lasers on Silicon with multiple-layer Quantum Dot dislocation filters. IEEE Transactions on Electron Devices, 54(11), 2849-2855.
[27] Takagi, Y., Yonezu, H., Hachiya, Y., & Pak, K. (1994). Reduction Mechanism of Threading Dislocation Density in GaAs Epilayer Grown on Si Substrate by High-Temperature Annealing. Japanese Journal of Applied Physics, 33(6R), 3368. 
[28] El-Masry, N. A., Tarn, J. C. L., & Bedair, S. M. (1989). Combined effect of strained-layer superlattice and annealing in defects reduction in GaAs grown on Si substrates. Applied Physics Letters, 55(14), 1442-1444.
 


[bookmark: _Toc498078133]Chapter 7 
[bookmark: _Toc498078134]The effect of thermal cycle annealing on InAs/GaAs grown on Si (100) 4° offcut to the [011]
[bookmark: _Toc498078135]7.1 Introduction
In the previous chapter, it was demonstrated that the application of a PGA has a significant effect on the GaAs/Si interface and TDs under different annealing conditions. It was shown that PGA has a positive effect on TDs that is, the TDs density reduces as the rapid annealing temperature increases with the minimum TDs density achieved under 800ºC.
In this chapter, based on the observations highlighted in last chapter, a set of two wafers where examined further. These wafers consisted of a laser structure with a growth regime that included an 800°C in-situ thermal cycle anneal (TCA) step and a control wafer without the in-situ thermal anneal. The microstructures of both these wafers have been studied by TEM/STEM. Moreover, 50µm wide stripe broad area lasers were fabricated from both wafers and their performance assessed.
[bookmark: _Toc498078136]7.2 Background 
In order to reduce the dislocation density and improve the crystal quality of the GaAs epitaxially grown on Si substrates, several techniques have been studied, such as optimization of growth conditions, PGA (discussed in Chapters 5 and 6 of this Thesis), growth interrupt, growth of SLSs, and TCA [1-6]. In-situ TCA process has been proved more effective than a single in-situ anneal process and/or PGA. The number of cycles rather than total annealing time has been correlated with the reduction of dislocation density, and stress relaxation in the GaAs films during TCA [3, 5]. A simple understanding of the relationship between dislocation density and temperature has been proposed by measuring the temperature dependency of dislocation velocity [1, 2]. In addition, the effect of SLSs on the reduction of TDs has been shown to be enhanced when combined with an in-situ TCA [7]. Using this approach a dislocation density of 1.4×106/cm2 was achieved in 3.5 µm-thick GaAs epilayers grown by MOCVD [7] (measured by the etch pit technique (EPD) which was found to give results  ~2/3 of that obtained from measurements in the TEM. However, this figure is still 10 times higher than the typical dislocation density found in epilayers grown on a traditional GaAs substrate. 
An estimate of the requirements for achieving high quality optical and electron devices using III-V on Si are shown in figure 8.1. It is extremely important to reduce dislocation density for laser diode (LD) applications. However, after all the years of research, the dislocation density of III-V epitaxially grown on Si substrates still remains in the order of magnitude of 106 cm-2, which makes monolithically grown III-V on Si LD devices impractical for commercial application. 
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Figure 7.1: Estimated residual stress and dislocation density for reaching high performance optical and electron devices using III-V heteroepitaxy grow on Si substrate [3]


A c.w. QW laser operating at room temperature (RT) has been reported previously but these devices exhibited high threshold current and very short (~10h) life time [8, 9]. Sugo et al. reported multiple QW lasers, c.w. lasing at 1.54µm at RT over 2000h with a 15µm III-V buffer layer opening up the possibilities for the challenge for connecting III-V and Si by high-resolution lithography methods [10]. In the early 1990s, QD structures exhibiting unique δ-like state properties was realized [11, 12], further opening up the possibilities for LD application using III-V epitaxial grown on Si substrate films. In 1999, three years after the first report of III-V QDs directly grown on Si substrates, Linder et al. posted the first S-K QD lasers monolithically grown on Si substrate operating under pulse mode [13]. Following closely, InxGa1-xAs QD lasers and DWELL lasers were subsequently developed by several research groups [14-16]. In 2011, the first QD laser working at 1.3µm monolithically grown on Si was achieved by optimizing the GaAs buffer layers in which SLSs were used as DFLs to reduce TD propagation and a 4~6° off-cut substrates used to suppress the formation APDs [17]. Several successive developments followed to further reduce threshold current (Jth) and improve the output power (Pout). By optimizing both nucleation temperature and the thickness of nucleation layer at low growth temperature (to reduce the generation of dislocations), 1.3µm QD lasers directly grown on Si substrate was achieved with a threshold current density of 458 A/cm2 at near RT (~280K) under c.w. operation [18]. Furthermore, the density of TDs was further reduced to ~106 cm-2 by changing the InGaAs/GaAs SLSs to InAlAs/GaAs SLSs. As a result, high performance QDs lasers epitaxy grown on Si substrate with a low threshold current density of 194 A/cm2 and high Pout of ~77mW was obtained at RT, and lasing measurements (L-I-V) can reach 85°C under pulsed operation for an as-cleaved broad area laser [19]. Closely following this development, an uncoated 1.3µm QDs laser epitaxy grown on Si substrate was reported with 200 A/cm2 threshold current density, 100mW single facet output and lasing up to 111°C under pulsed operation [20].
It should be noticed that all of the lasers so far discussed are under pulsed operation at RT. In addition to Jth and Pout, there is also a strong motivation for lasers intended to operate at high temperature in c.w. mode. This is required because silicon-based electronic chips often require to work at an ambient environments of 65°C or even higher, without the use of thermo-electric or other cooling. Since a target design consideration for the Si-lasers being considered as part of this current study include integration with silicon microelectronics, achieving lasing at temperatures of 70°C or above is a key performance parameter. 
[bookmark: _Toc498078137]7.3 Experimental details 
[bookmark: _Toc498078138]7.3.1 Crystal growth 
Growth of both wafers was performed in the Department of Electronic and Electric Engineering, University College London (UCL), by Prof. Huiyun Liu using a solid-source Veeco Gen-930 molecular beam epitaxy system. Phosphorus-doped Si (100) wafer with 4° offcut to the [011] plane was used. Prior to material growth, oxide desorption of silicon substrates was performed at 900°C for 30 minutes. The substrate was then cooled down to 350°C for the growth of a 6nm AlAs nucleation layer. A schematic diagram of the wafer architecture is shown in figure 7.2. Four repeats of InGaAs/GaAs dislocation filter layers, consisting of 5 periods of 10nm In0.15Ga0.85As/10nm GaAs super-lattice (SLSs) and a 200nm spacing layer were grown on the top of an additional 600-nm GaAs buffer layer. Before growing each dislocation filter layer, 30nm AlAs were deposited and the whole wafer treated with an 800°C in-situ anneal. Growth of the active QD region was performed by the deposition of 3ML InAs sandwiched between 2nm In0.15Ga0.85As and 6nm In0.15Ga0.85As, separated by a 50nm GaAs spacers in the middle of 30nm undoped GaAs guiding layers between 1.4µm n-type lower and p-type upper Al0.4Ga0.6As cladding layers [21, 22]. Finally, a 300nm highly p-doped GaAs was grown as the contacting layer.
The control wafer was grown in a very similar way retaining the 6nm AlAs nucleation layer, a 1µm GaAs buffer layer, four InGaAs/GaAs dislocation filter layers and a five-layer InAs/GaAs dot-in-a-well (DWELL) structures separated by 50 nm GaAs spacers in the middle of 140nm undoped GaAs waveguide but without the 30nm AlAs layers and 800ºC rapid thermal annealing step.


Figure 7.2: Shows the schematic structure of thermal cycle annealing sample

[bookmark: _Toc498078139]7.3.2 Device fabrication 
The broad-area lasers with 50μm wide stripes were fabricated using standard lithography and wet chemical etching techniques by Dr Siming Chen (UCL). The ridge was etched to a depth of 2 microns, roughly 100nm above the active region, for an improved carrier confinement. Ti/Pt/Au and Ni/GeAu/Ni/Au were deposited on p+-GaAs contacting layer and exposed n+-GaAs buffer layer to form the p- and n- contacts, respectively. The lasers were then as-cleaved into 50µm × 3200µm after lapping the silicon substrate to 120 microns. The SEM image of the ridge facet is shown in figure 7.3(a), illustrating that a very clean and mirror-like facet was achieved. This is important, because imperfectly cleaved facets result in increased mirror loss and reduced differential external quantum efficiency. No coatings were applied to the facets. An SEM overview of whole III-V laser on silicon is shown in figure 7.3(b). 
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Figure 7.3: (a) A cross-sectional SEM image, of the fabricated InAs/GaAs QD laser on silicon substrate with as-cleaved facet, showing very good facet quality. (b) An SEM overview of whole III-V laser on silicon (c) A picture of assembled Si-based laser bar mounted on copper with Au-wire bonded on the ridges (image courtesy of Dr. Siming Chen).

As-cleaved laser bars were then mounted on gold-plated copper heat sinks using indium-silver low melting point solder and Au-wire bonded on the ridge, as shown in figure 7.3(c). This arrangement is not ideal for c.w. operation, especially for life-test measurement as there is no provision for a forced cooling system. Therefore, all the measurements in this work were performed as a feasibility study, and all the data presented represent worst case condition.  
[bookmark: _Toc498078140]7.3.3 Measurements
Conventional scanning transmission electron microscopy (STEM) was performed using a JEOL 2010F field-emission gun TEM nominally operating at 200kV. Dislocation density measurements derived from a series of bright field STEM images using conventional inset-grid method and zero-loss EELS being used to calculate the local sample thickness (detailed previously in Chapter 3, Section 3). High-resolution high angle annular dark field Z-contrast STEM images were acquired with a JEOL R005 cold field emission gun, aberration corrected TEM/STEM operating at 300kV with a convergence semi-angle of 21 mrads and a STEM inner annular collection angle of 62 mrads. For lasing characteristics, the output power was collected from a photodetector normal to the laser facet, while periodic L-I-V measurements were taken to monitor the changes in lasing threshold. Other standard laser device characteristics were all performed under c.w. and pulsed conditions (1% duty-cycle and 1μs pulse-width).
[bookmark: _Toc498078141]7.4 Results and Discussions
The laser characteristics and corresponding TEM/STEM microstructural analysis of InAs/GaAs QD lasers on Si substrate, with and without in-situ rapid thermal annealing, are presented as follows. 
[bookmark: _Toc498078142]7.4.1 Laser Characteristics
Low Jth and high optical output power are always desirable goals for laser applications. Firstly, the laser characterization was performed under pulsed operation (1% duty cycle and 1μs pulse-width) to eliminate the effects of self-heating at high current densities. Figure 7.4(a) plots the output light power versus current density of the thermal cycle annealed InAs/GaAs QD laser on silicon at RT under pulsed operation. The inset shows the lasing spectrum at threshold current density of 165A/cm2. Figure 7.4(b) plots the L-I characteristics of thermal cycle annealed InAs/GaAs QD laser on Si as a function of substrate temperature under pulsed operation. With limited self-heating, lasing operation over 100°C has been achieved.
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Figure 7.4: L-I spectrum for thermal cycle annealed InAs/GaAs QD laser on silicon at RT (a) and at various heat sink temperatures (b) under pulsed operation.



Figure 7.5(a) shows the light-current-voltage (L-I-V) measurements for the in-situ TCA InAs/GaAs QD laser grown on a silicon substrate under c.w. operation at RT. The inset plots the c.w. lasing spectrum of the in-situ TCA device at threshold current density of 322/cm2, showing the emission wavelength is ~1286nm. The output power measured from both facets is about 23.5mW at an injection current
(b)
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Figure 7.5: (a) LIV spectrum of the thermal cycle annealed InAs/GaAs QD laser grown on Si substrates under c.w. operation at room temperature. (b) L-I spectrum for the thermal cycle annealed InAs/GaAs QD laser on silicon at various heat sink temperatures under pulsed operation.
density of 650 A/cm2. Figure 7.5(b) shows the c.w. output power for the in-situ TCA InAs/GaAs QD laser grown on a silicon substrate device at various temperatures. The c.w. lasing was stopped at a heatsink temperature of 32oC. 

[image: Figure S6]
Figure 7.6: L-I spectrum for an un-annealed InAs/GaAs QD laser on silicon at various heat sink temperatures under pulsed operation. The inset shows the ln(Jth) versus temperature, with the red and blue curves fitting data in the temperature ranges 20-60oC and 70-120oC, respectively.

Light output power versus current density for the un-annealed control InAs/GaAs QD laser on silicon is shown at various heat-sink temperatures under pulsed operation (1% duty-cycle and 1μs pulse-width) in figure 7.6. With limited self-heating, a maximum lasing temperature of 120°C has been achieved. The characteristic temperature (T0) for this device, as estimated under pulsed operation, is 51K between 20°C and 60°C and 35K between 70°C and 120°C. The poor T0 observed at higher temperatures here is likely to be mainly due to increased non-radiative recombination and carrier escape from the heterostructures with increasing temperature [23]. The majority of the effort towards further improving the maximum lasing temperature will be concerned with reducing the sensitivity of the laser to temperature and optimizing the extraction of heat from the active region. 
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Figure 7.7: (a) LIV spectrum of the un-annealed InAs/GaAs QD laser grown on Si substrates under c.w. operation at room temperature. (b) L-I spectrum for InAs/GaAs QD laser on Si at various heat sink temperatures.


Figure 7.7 (a) shows the LIV measurements for an un-annealed InAs/GaAs QD laser grown on a silicon substrate under c.w. operation at RT. An outstanding behavior in the L-I curve is observed at the lasing Jth of 62.5 A/cm2, which corresponds to 12.5 A/cm2 for each of the five QD layers. The Pout measured from both facets is as high as 105 mW (52.5 mW/Facet) at an injection current density of 650 A/cm2, with no evidence of power saturation up to this current density. Figure 7.7(b) shows the c.w. output power for the un-annealed InAs/GaAs QD laser grown on a silicon substrate at various temperatures. The c.w. lasing in the ground state was maintained until the testing was stopped at a heatsink temperature of 75oC due to the limitation of c.w. current source. Therefore, a c.w. lasing up to 75oC, with an ultra-low c.w. Jth of 62.5A/cm2 and a high output power exceeding 105mW at RT has been demonstrated. This value of the threshold current density (Jth) of an unannealed sample represents one of the lowest c.w. RT Jth for any kind of laser on a silicon substrate to date and is comparable to the best-reported values for conventional QD lasers on GaAs substrate [18]. This observation also represents the first demonstration of QD lasers directly grown on silicon substrates that lase under c.w. conditions up to 75°C and up to 120°C under pulse operation.
[bookmark: _Toc498078143]7.4.2 TEM characterization
In the previous section the laser characteristics of both samples have been described. They both exhibit high lasing performance which have achieved lasing under c.w. operation. In this section, we characterized the epitaxy layers by conventional TEM/STEM and HAADF-STEM imaging. Figure 7.8 shows the cross sectional BF-STEM overview of un-annealed and TCA specimens with the growth direction pointing from bottom to top. The Si substrate, buffer layers DFLs and DWELLs can be clearly defined from the BF-STEM images and the thickness of the various features confirmed using the Gatan Digital MicrographTM software. As shown in figure 7.8, the thicknesses of main buffer layers were consistent with the nominal growth data estimated by the grower as shown in figure 7.2 previously. It is however worth noting that, in the case of the TCA sample the thickness of the buffer layers was found to vary slightly one region of the cross section to another within a larger range compared to the un-annealed sample. Although, a significant number of dislocations can be observed to be generated at the AlAs/Si interface in both samples, due to the large lattice mismatch between Si and AlAs, most of the defects observed appear to be terminated or deflected at the first DFL. The density of TDs is observed to be reduced even further by the subsequent DFLs. The GaAs active layers are visibly almost dislocation free in the un-annealed sample, which is consistent with the superior lasing property of the device fabricated from un-annealed sample. 
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Figure 7.8: Low magnification cross-section BF STEM images show the structures of un-annealed (a) and in-situ TCA (b) samples

As the TEM provides a 2D projection of what in reality is a 3D sample, to determine the density of the TDs in different areas of both the un-annealed and TCA samples an estimate the thickness of the area of interest was calculated from low loss EELS data to make the threading dislocation density (TDD) independent of thickness as described in Chapter 3, Section 3.3.1. The average TDD in the area before first DFL is quite high in both the un-annealed and TCA samples: 2×109/cm2 and 2.36×109/cm2 respectively. However, by comparing the un-annealed samples examined in this chapter to those described in chapter 5, the TDD in the region before first DFL area in samples using AlAs as a nucleation layer is much lower than that observed in the samples with a GaAs nucleation layer. As a consequence of the SLSs DFLs and the effect of the TCA, the TDD is observed to further decrease in the TCA sample compared to the un-annealed sample. After the four sets of InGaAs/GaAs SLSs, the average dislocation density is reduced to 5.42×106/cm2 for the un-annealed sample and 6.5×106/cm2 for the TCA sample which nevertheless are still very high when compared to epilayers grown on a bulk GaAs substrate in terms of total defect density (the order of 103-104 /cm2 for a GaAs substrate [24]). However, after growth of the buffer and cladding layers, a large dislocation-free active area is evident as can be seen in figure 7.8 especially in the un-annealed sample.
The decrease rate of DFL1 in PGA sample and TCA sample are 3.04 and 3.1 separately. We infer the following potential reasons: unlike the PGA, in which annealing is treated from the surface which may be several µm away from interface, TCA has stronger effect on the interface. It is also mentioned that the optimum distance away from the Si substrate to execute in-situ TC is in the range of 1.5-2µm [5]. In the TCA sample, the first annealing position is ~ 1µm from AlAs/Si interface which is perhaps too close to Si substrate. 
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Figure 7.9: The density of TDs of different layer zone 

The AlAs nucleation layer relaxes the high strain at the AlAs/Si interface by forming interfacial defects; as a result, more defects are confined and annihilated in the interface and fewer propagate into the device active region. Compared to the GaAs nucleation layer characterized in Chapter 6, the AlAs nucleation layer appears to provide better performance by confining misfit defects. Figure 7.10 (a) shows an overview HAADF STEM image of the interface of un-annealed sample. The uniform and thin (6±0.5nm) AlAs nucleation layer has suppressed three-dimensional growth and provides a good interface for the over-laying III-V material growth. Figure 7.10 (b) shows a high resolution HAADF lattice resolved STEM Z-contrast image providing direct atom-column interpretation of the AlAs/Si interface. The silicon substrate 4° offcut towards the [011] plane can be observed typically characterized by a double silicon atom steps which have been demonstrated previously to help suppress the excessive formation of APDs [25]. 
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Figure 7.10: HAADF STEM images (a) showing the interface between the 6 nm AlAs nucleation layer and silicon substrate; (b) showing the 4° offcut of silicon substrate in the un-annealed sample

In figure 7.11, the two APD boundaries can be observed to annihilate each other within the AlAs nucleation layer. 
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Figure 7.11: HR-TEM image illustrating the confinement of APDs within the AlAs nucleation layer grown on the 4° offcut Si substrate. 

In figure 7.12, TEM BF images show the AlAs/Si interface of the 800°C in-situ TCA sample. The interfaces of AlAs/Si and particularly the AlAs/GaAs become less distinct after the anneal treatment compared to the un-annealed sample (Figure 7.11). A large number of disordered domains can be observed within the nucleation layer after TCA. Defects of this type were rare in the un-annealed sample. It is therefore likely that the temperature of in-situ TCA is too high, leading the thermally induced damage in the natural crystal structure of the nucleation layer. 
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Figure 7.12: Lattice resolved TEM images of Si/AlAs interface in TCA sample.

STEM imaging was performed on the active region in the un-annealed sample. In figure 7.13(a), a low magnification BF STEM image shows no obvious TDs are observed to propagate into the active region over a large area. A corresponding HAADF-STEM image of active layer is provided in figure 7.13(b) showing the bright contrast within the DWELL region relating to the Indium compositional distribution. In figure 7.13(c) a HRTEM image shows the typical size and shape of a single QD. The TEM and STEM analysis demonstrates an active region with high quality consistent with the improved lasing performance described previously in figures 7.6 and 7.7.  
By analyzing several HAADF-STEM images acquired along AlAs/Si interface, a summary of the defects in the GaAs/Si and AlAs/Si interfaces is given in Table 7.1. 

	Sample
	90° (type I)
	60° (type II)
	60° defects pair

	GaAs/Si
	as grown
	26
	36%
	26
	35%
	20
	29%

	
	800°C annealed
	28
	57%
	5
	11%
	16
	32%

	AlAs/Si
	as grown
	50
	58%
	28
	32.5%
	8
	9.5%

	
	800°C annealed
	
	̶
	
	̶
	
	̶



Table 7.1: The numbers and the percentage of different defects observed in the as-grown and annealed GaAs/Si and AlAs/Si interfaces

Comparing the as-grown GaAs/Si and AlAs/Si interfaces, it can be seen that the 90° defects with Burgers vector parallel to interfaces increased from 36% to 58% in AlAs/Si as-grown interface whereas, the un-removable 60° defects pairs decreased down to 9.5%, less than one third of the amount typically exhibited in the GaAs/Si as-grown interface. In other words, the AlAs offers an improvement on GaAs as a nucleation material on the Si substrate investigated, which is consistent with PL results proposed by Lee et al. [26]. The lack of data in Table 7.1 for the AlAs/Si interface in sample after 800°C TCA was due to the fact that the clarity of the interface region was reduced in all the cross-sections prepared making discrimination of the defect types very difficult. The TDD of the region before DFL1 in the TCA sample is higher than the un-annealed sample; even the decrease rate of TCA sample is larger than the un-annealed sample which may be caused by TCA, the TDD of the region after the DFL4 layer in the TCA sample is still higher than the un-annealed sample, thus more TDs propagate into active region in TCA sample than un-annealed sample. Subsequently in reality the laser performance of the un-annealed sample is better than the TCA sample consistent with improved epilayer quality. 
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Figure 7.13: (a) BF STEM overview image shows active region in the un-annealed sample, (b) HAADF STEM image of active layers (c) BF HREM image of a single QD

Figure 7.14 shows (a) BF STEM overview image of the active layers and (b) a HRTEM image of a single dot in the TCA sample. In the BF STEM image, a TD can be seen to have propagated into the active region active region potentially reducing the optical performance of QDs. However, the occurrence of such TDs was found to be very low and thus the device fabricated from the in-situ TCA sample still can reach lasing to 101°C under pulsed operation and c.w. lasing under 32°C. 

Figure 7.14: (a) BF STEM image shows an overview of the active region in the 800ºC TCA sample, (b) HREM image of a single QD in TCA sample

[bookmark: _Toc498078144]7.5 Conclusion
In this chapter the growth of high-quality III-V materials grown on a full Si substrate treated with in-situ TCA is demonstrated and compared to a control group processed without a TCA. Laser characterization of devices fabricated from these two wafers operated in pulsed and c.w. mode and the performance correlated to the microstructure investigated by TEM and STEM imaging. 
The AlAs nucleation layer shows a better ability in confining the interfacial defects and providing a good interface for succeeding III-V materials growth. The in-situ TCA shows positive influence in the annihilation of TDs providing a TDD of 6.5×106/cm2 in the in-situ TCA sample compared to 5.42×106/cm2 in the un-annealed sample in the region after the fourth dislocation filter layer (DFL4). 
The realization of high quality MBE grown GaAs-on-silicon layers with low defects, by employing the combined strategies of an AlAs nucleation layer, superlattice dislocation filter layers, in-situ thermal annealing represents a major step towards substituting III-V-on-Si epitaxy for  III-V on Ge or Ge-on-Si ‘virtual’ substrates for opto-electronic devices. Moreover, utilizing QDs as the laser active regions, provides a route towards commercially viable direct integration of electrically pumped semiconductor lasers on silicon substrates. The results demonstrate that the large lattice mismatch between III-V materials and Si will no longer be a fundamental hurdle for monolithic epitaxial growth of III-V photonic devices on Si substrates. The structures studied in this Thesis have led to devices which have achieved c.w. lasing up to 75°C, with an ultra-low c.w. Jth of 62.5A/cm2 and a high output power exceeding 100mW at RT in the un-annealed sample; and pulse lasing up to 101°C, with pulse Jth of 165A/cm2 at RT and c.w. lasing under 32°C in in-situ TCA sample. The results presented therefore highlight the importance of how the microstructure of the buffer and active region influences the optical performance and provides direct evidence to support the optical data. The ability to grow uniform high quality III-V materials over a full Si substrate and then fabricate high yield electrically pumped lasers, opens up new possibilities for Si photonics and for the direct integration of optical interconnects on the Si-based microelectronics platform. 
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[bookmark: _Toc498078147]Conclusions and suggestions for further work
This final chapter gives a summary of the main achievements of this project and suggestions for future work are presented.
[bookmark: _Toc498078148]8.1 Conclusions
In this work, the optical properties and nano-structure of commercial InGaAs QDs and InGaAs QDs monolithically grown on a Si substrate were successfully investigated by optical spectroscopy and advanced TEM/STEM studies. This work resulted in the first demonstration of a c.w. operated InAs/GaAs QD laser grown on a Si substrate [1]. The combined structural and optical characterization was critical in determing the effect of layer sequences and annealing on the performance of laser devices. A range of electron microscopy techniques, such as HRTEM, STEM, EDXS and EELS, and optical characterisation methods including PC, PL and L-I-V, have been employed to characterize the morphology of the QDs, the interface between the substrate and buffer layers and to study the optical properties of QD devices.
The optical properties of commercial InGaAs QDs are demonstrated in Chapter 4. The 8 layer InGaAs QDs grown by QD Laser Inc. (Japan) shows relatively good lasing performance and lower sensitivity to operating temperature. Subsequent, cross sectional TEM/STEM imaging and analysis revealed the nano-structure of QDs. The observed QD size and uniformity correlated well with the inter-band transitions spectrum and good lasing performance.
Post-growth annealing (PGA) is widely used to tune and enhance the optical and structural quality of semiconductor materials [2-4]. The influence of a PGA on the InAs/InGaAs/GaAs DWELL structure monolithically grown on a Si substrate was presented in Chapters 5 and 6. Rapid thermal annealing of InGaAs DWELL is believed to result in group III sub-lattice (In/Ga) intermixing observed as changes to the size and composition of QDs and corresponding changes to the optical properties and quantum confinement of QDs, respectively. Compared to the InGaAs DWELL structure grown on a GaAs substrate, the PGA shows distinct difference in the tuning of the emission. Improvement in emission intensity has been observed at 700°C. Furthermore, the PGA improved the uniformity of the QDs and an increase in the size of QDs was observed in HAADF-STEM Z-contrast images, in accordance with observed red shift and the decrease of FWHM in PL emission spectrum. Semi-quantitative EDX linescans revealed a composition change of DWELL grown on Si in the as-grown, 700°C annealed and 800°C annealed samples. The change of InL/GaK concentration ratio became gradual between QDs and surrounding materials after 800°C annealing. At the same time, an improvement in the quality of the GaAs/Si interface and a reduction of the threading dislocation density were observed following PGA as a function of increasing temperature (Presented in Chapter 6). Atomic resolution Z-contrast images gave a direct insight into the structure of the 60° and 90° defects cores at the interface. The isolated 60° defects react to form 90° defects and the TD density was markedly reduced in the overlaying GaAs epilayers as a result of the PGA treatment.
The TEM and STEM imaging, presented in Chapter 7, has demonstrated a high-quality III-V material grown on the Si(100) substrate offcut 4° towards [011 ̅] treated with in-situ thermal cycle anneal (TCA) and the control group with no TCA. The in-situ TCA shows a positive influence in annihilating of TDs. The average dislocation density is reduced to 5.42×106/cm2 for the un-annealed sample and 6.5×106/cm2 for the TCA sample. The first c.w. lasing electrically pumped 1.3-μm InAs/GaAs quantum-dot laser epitaxially grown on the 4° offcut Si (100) substrate was subsequently realized by optimizing the nucleation layer. This device achieved c.w. lasing up to 75°C, with an ultra-low c.w. Jth of 62.5A/cm2 and a high output power exceeding 100mW at RT in the un-annealed sample; and pulse lasing up to 101°C, with pulse Jth of 165A/cm2 at RT and c.w. lasing under 32°C in the in-situ TCA sample. The ability to grow high quality epitaxial III-V QDs on a Si substrate and then fabricate high quality electrically pumped lasers, opens up new possibilities for Si photonics and for the direct integration of optical interconnects on the Si-based microelectronics platform. 
[bookmark: _Toc498078149]8.2 Suggestions for Future Work
[bookmark: _Toc498078150]8.2.1 Specimen preparation for TEM 
Sample preparation is a critical process for obtaining high quality TEM images. It is often difficult to produce consistent samples with large thin regions of interest and free of defects or contamination introduced by the sample preparation method. For the conventional sample preparation method employed in this study systems which offer the ability to produce large artifact free electron transparent areas through, low angle ultra low energy Ar ion milling would be an advantage such as the Gatan PIPS II system [5]. Modern Ar ion millers also offer the functionality of programmable user setup protocols making high reproducibility available. Compared to the conventional sample preparation methods used in this project, the application of focused ion beam (FIB) milling has many advantages, such as offering very large uniformly thin area, reduce sample preparation time and an ability to focus on specific regions of interest accurately [6-7]. Although the conventional Ga ion FIB milling with insitu lift out method is particularly suited for cross-sectional sample preparation it has a number of disadvantages such as, damaged zones caused by Ga ion implantation, amorphisation of the surface layers and poor control of specimen thickness particularly for larger samples [6, 8]. However, a combination of FIB and low angle, low energy Ar ion milling is one possible method for rapid high quality TEM sample preparation. 
[bookmark: _Toc498078151]8.2.2 Compositional analysis
As the main annealing effect on the QDs investigated is on the growth plane, in Chapter 5, EDX line scan analysis has been performed for the as-grown and annealed QDs by drawing a line perpendicular to the growth direction. EDX mapping shows the spatial distribution of elements in a complete 2D picture, which is more informative than a simple line scanning. For the older EDS Si-Li detectors (such as that used in this study) the acquisition parameters such as probe current, number of data points in the scan and the acquisition time all affect the quality of the resulting data. For example, using a low probe current or short acquisition time elements present in low concentration may not give a response above the background noise. Increasing the acquisition time or probe current may however introduce errors due to specimen drift, contamination or specimen damage [9]. One solution would be to use an instrument equipped with a more sensitive silicon drift detector which would allow higher count statistics and faster analysis time for a given acquisition setup compared to the older type detectors. Furthermore, EDS studies could be combined with EELS spectrum imaging or energy filtered imaging (not possible in the current work due to problems with the spectrometer used) to enhance the chemical compositional mapping. Compared to EDX, EELS has the ability to provide better reliability, higher resolution and higher efficiency, therefore reducing the need for long acquisition times and potential sample damage. However, compared to EDX analysis, quantification of EELS data can be far more complicated experimentally and requires thinner sample [10].
[bookmark: _Toc498078152]8.2.3 Simulation of nucleation interface
In Chapter 7, optimization of nucleation layer has been investigated by changing the GaAs nucleation layer to AlAs. Both the PL spectrum and TEM characterization shows the AlAs to be superior to the GaAs as nucleation material on the chosen Si substrate. However, a full understanding of the reason for AlAs being a better nucleation material than GaAs still remains unclear. Although an initial study of the AlAs/Si interface has been shown by HR-TEM images, the core structure of Lomer, 60° defects and especially 60° dislocation pairs have not been studied in detail. Therefore, a combination of HAADF-STEM imaging of the misfit defects at AlAs/Si interface and molecular dynamic structural modelling and dislocation tensor analysis [11, 12] would also be beneficial to compare to structures grown with a GaAs nucleation layer. 
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