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Abstract 
Monolithic integration of direct-bandgap III-V materials onto Si is an attractive 

approach to realise on-chip light sources for Si-based photonic integrated circuits 

(PICs). However, the direct epitaxy of III-V materials onto Si substrates introduces 

a high density of crystalline defects such as threading dislocations (TDs), 

antiphase boundaries (APBs) and micro-cracks, which serve as non-radiative 

recombination centres and hence significantly degrade the performance of laser 

devices. This thesis aims to reduce the impact of these critical defects on 

molecular beam epitaxy (MBE) grown, high-performance InAs/GaAs quantum dot 

(QD) lasers on Si substrates, and hence to provide practical on-chip light sources 

for Si-based PICs.  

A thin Ge buffer layer is first proposed to replace a part of thick GaAs to solve the 

micro-crack issue while keeping the laser performance unaffected. Ge buffer 

layers are optimised in terms of annealing methods, thickness and doping 

materials to obtain low TD density. Based on the optimised Ge/Si virtual substrate, 

an all-MBE grown InAs/GaAs QD laser device has been demonstrated with an 

overall thickness (5.4 µm) close to the cracking threshold (~5 µm). Lasing up to 

130 °C is obtained for this laser.  

A novel method has been developed in Chapter 4 to suppress the formation of 

APBs during the epitaxy of polar III-V on non-polar Si. It enables the monolithic 

integration of InAs/GaAs QD lasers on microelectronic standard nominal Si (001) 

substrates. The parallel Si single-atomic-height (S) steps formed on the Si buffer 

layer reorganise the nucleation of APBs into an ordered distribution and promote 

sufficient self-annihilation of APBs in the subsequent GaAs growth. Finally, a 1 

µm-thick APB-free GaAs grown on Si (001) substrate has been demonstrated. 

Based on this APB-free GaAs/Si (001) platform, an all-MBE grown high-

performance InAs/GaAs QD laser has been fabricated with a low threshold 

current density (80 Acm-2) and a high operating temperature (120 °C). Moreover, 

studies related to APB nucleation, propagation, and interaction with TDs are 

presented in Chapter 5, which provides insights for further optimising high-

performance InAs/GaAs QD lasers grown on Si (001) substrates.  



 

4 

 

Impact Statement 
This thesis focuses on the optimisation of high-performance InAs/GaAs quantum 

dot (QD) lasers monolithically grown on Si substrates, aiming to fulfil the last 

missing piece of Si-based photonic integrated circuits (PICs). The successful 

conduct of this project has a decisive impact on the Si photonics community. The 

realisation of Si-based PICs leads to the innovation of modern communication 

and signal processing technology as they offer fast, low-cost, low-power 

consumption optical interconnections in data centres to meet the ever-increasing 

bandwidth demand. Moreover, the Si-based PICs promote the boom of sensing 

technology, such as LiDAR and medical monitoring, and contribute to the better 

life quality of consumers with low cost due to the low material cost, large wafer 

size of Si. Although the future of Si-based PICs is promising, the monolithic 

growth of InAs/GaAs QD lasers on Si substrate is challenging and still in the 

research stage. The optimisation of such lasers is vital for commercialisation. 

One challenge facing mass production of InAs/GaAs QD lasers on Si substrates 

is the yield and throughput. With the help of an optimised thin Ge buffer layer, the 

total thickness of the laser structure is reduced to approach cracking threshold 

(~5 µm) to prevent the micro-cracks without affecting the device performance. A 

low-density micro-crack of <17.9 cm-1 is obtained in this thesis. A further reduction 

in micro-crack density is feasible by thinning the GaAs buffer layer while keeping 

the threading dislocation (TD) density the same. The initial laser result shows an 

ultra-high lasing temperature of 130 °C. This work leads to lower growth time and 

material consumption and has a tangible impact on the growth of InAs/GaAs QD 

laser devices with low micro-crack density and high output yield.  

Moreover, this thesis demonstrates a novel strategy to develop the monolithic 

growth of InAs/GaAs QD lasers on microelectronic standard nominal Si (001) 

substrates with a low threshold current density of 80 Acm-2 and a high operating 

temperature of 120 °C. This result forms a basis for combining the large-scale 

monolithic integration of Si photonics with mature complementary metal-oxide-

semiconductor (CMOS) technology and is believed to be a milestone on the route 

towards realising practical Si-based PICs. Moreover, the successful realisation of 
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InAs/GaAs QD lasers on Si (001) substrates leads the way for the epitaxy of III-

V on trenched silicon-on-insulator (SOI) substrate, which is essential for 

developing wafer-scale PICs.  

Finally, further studies related to APB nucleation, propagation and interaction with 

TDs are also included, which have a non-negligible impact on the whole Si 

photonics community. These studies illustrate the mechanism of APB annihilation 

during the overgrowth of GaAs on Si (001) substrates and provide insights for 

further optimising APB-free GaAs/Si (001) platform. Our results show that the 

presence of periodic APBs contributes to the dramatic reduction of TDs. This new 

observation opens the possibility of reducing both APBs and TDs simultaneously 

by utilising optimised GaAs growth methods in future growth. Consequently, 

InAs/GaAs QD lasers monolithically grown on Si (001) substrates with overall 

thickness below the cracking threshold is feasible, leading to the realisation of 

practical on-chip light sources for Si-based PICs with high output yield.  
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1.1. Silicon Photonics 

1.1.1. Challenges Facing Silicon Photonics 

Si-based microelectronic devices have achieved remarkable progress in the last 

60 years, attributed to the faster clock speed and higher integration level of 

transistors [1-3]. However, driven by the sustained development of smartphones, 

cloud services, artificial intelligence and Internet-of-Thing (IoT) devices, global 

internet traffic is predicted to reach 350 exabytes per month in 2022 and has a 

30% annual growth rate [4]. Under this circumstance, the ever-increasing 

demand for high-bandwidth and ultra-fast data transmission significantly 
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challenges signal processing systems, especially in data centres, where the 

bandwidth, transmission rate, and power consumption are vital concerns [5]. 

Particularly, the copper interconnection, which has been traditionally used in data 

centres, can no longer meet the recent requirements of data processing. For 

example, the presence of frequency-dependent propagation loss, return loss and 

the cross-talk in copper interconnection hinders ultra-fast data transmission rate 

[6]. Besides, a considerable amount of power dissipation via heat appears during 

the current flow in copper interconnections, leading to a significant increase in 

power consumption [7, 8]. 

On the other hand, optical interconnection has been widely recognised as a 

promising candidate to replace its electrical counterpart and achieve ultra-fast, 

cost-efficient data communication. Indeed, using optical signals with massless 

photons, rather than electrical signals with electrons, provides lower attenuation 

and lower system-level power dissipation [9]. The high frequency of carriers 

utilised in optical interconnections enables the implementation of wavelength-

division multiplexing (WDM) to yield ultra-high bandwidth for data transmission 

[10]. Hence, optical interconnections via Si photonics provide an ideal solution for 

fast transmission rate, low power dissipation and low-cost interconnection 

networking. It is a promising way to overcome the performance bottlenecks 

observed in data centres [11-13]. 

1.1.2.  Photonic Integrated Circuits 

To utilise the advantages of optical interconnections, the idea of using photonic 

integrated circuits (PICs) in which both optically active and passive components 

are monolithically integrated on a single chip has emerged. The PICs are typically 

realised using InP or Si as a platform [14]. Compared with state-of-the-art InP-

based PICs, Si-based PICs leverage the benefits from Si, such as low material 

costs, large wafer size (as shown in Table 1.1) and perfect compatibility with 

mature complementary metal-oxide-semiconductor (CMOS) manufacturing 

processes [12, 13, 15]. Therefore, Si-based PICs are economically beneficial for 

mass production. Si-based PICs mainly consist of four key components: the light 

emitters, modulators, photodetectors and waveguides. Past decades have 

witnessed the unprecedented boom of Si photonics [3], and most of the critical 
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components in Si-based PICs have advanced rapidly with superior performance, 

including ultra-fast modulators [16], high-bandwidth photodetectors [17] and low-

loss waveguides [18]. Yet, an efficient Si-based light source still remains a 

missing piece [19-22].  

Recently, a comparison of on- and off-chip light sources used for Si-based PICs 

has been discussed in detail [8]. The off-chip light source has advantages, such 

as temperature stability and emission efficiency. In contrast, the on-chip light 

source is believed to be superior to the off-chip light source in terms of higher 

energy efficiency and lower coupling losses. Moreover, the on-chip light source 

provides cheaper packaging costs and dense integration on a single chip, which 

are beneficial for commercialising the Si-based PICs in the long term.   

 

Table 1.1 Comparison of price and maximum size for semiconductor substrates 

[12]. 

 Si SOI GaAs InP 

Price ($/cm2) 0.2 1.3 1.65 4.55 

Diameter 
(mm) 450 450 200 150 

 

An ideal integrated light source for Si-based PICs is the Si-based laser source. 

However, the development of a reliable electrically pumped Si-based laser is 

severely lagged behind other critical components in PICs. Realising a Si-based 

laser has been considered as the “Holy Grail” for Si photonics [19]. This is 

because both Si and Ge, which are widely used in integrated circuits (ICs), are 

indirect bandgap materials. The minimum of the conduction band and the 

maximum of the valence band for Si and Ge do not occur at the same value of 

crystal momentum. Therefore, the emission of photons, namely the 

recombination of electrons and holes, requires the assistance of phonons to 

maintain momentum conservation. This process severely limits the radiative 

recombination efficiency of Si and Ge and makes both materials inefficient light 

emitters [1, 23].  
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Though significant efforts have been expended in the last decades to achieve 

group IV integrated light sources, none of them is practical for Si-based PICs. For 

example, Si Raman lasers require optical pumping from external lasers and thus 

are unfavourable for integration [24, 25]. By merging tensile strain and n-type 

doping, Ge becomes direct-bandgap material and can be used as an optical gain 

medium [26-28]. Based on this method, an electrically pumped Ge-on-Si laser 

was demonstrated [29]. However, such laser suffers from high threshold current 

density and high absorption of free carriers due to large optical losses and high 

doping level (4×1019 cm-3) in Ge gain medium, respectively. Recently, the GeSn 

binary has emerged as a promising candidate for realising high-efficiency light 

emitters [30, 31]. However, the epitaxy of GeSn is challenging due to the ultra-

large lattice mismatch between Ge and Sn (15%) and extremely low solubility of 

Sn in Ge. An electrically pumped GeSn laser operating at room temperature 

remains a scientific challenge [32-35]. A comprehensive review of group IV lasers 

will be included later in this chapter. 

To circumvent the inherent limitations of Si and Ge, integration of direct-bandgap 

III-V materials onto Si has been regarded as an attractive approach for the Si-

based on-chip light source in PICs. Such integration leverages many benefits of 

superior optical properties of III-V materials, along with large wafer size, low cost 

and mature processing technology of Si. Until now, the integration of III-V 

materials on the Si platform has mainly relied on three methods: flip-chip bonding, 

wafer bonding and direct epitaxial growth [12, 13]. 

Flip-chip bonding uses the prefabricated III-V optoelectronic components to 

integrate them onto Si platforms. The III-V laser device is first grown on a native 

substrate to minimise the crystalline defects and then bonded onto Si. However, 

the requirement of stringent alignment during the assembly complicates the 

packing process and severely impedes large-scale production [12, 13]. In 

contrast, for the wafer bonding, the III-V wafer is bonded to the pre-patterned 

silicon-on-insulator (SOI) wafers, enabling the evanescent light coupling between 

III-V gain medium and Si waveguides [36]. After bonding, wafer-scale processing 

is performed to fabricate the laser devices. This method simplifies the assembly 

as stringent alignment is not required, leading to lower costs and higher 

integration density. Till now, the wafer bonding approach, which has been widely 
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adopted in the industry, has demonstrated impressive performances. For 

example, Intel demonstrated the volume production of 100G optical transceivers 

based on heterogeneous integration (wafer bonding) [37].  

However, from the commercialisation perspective, neither of the bonding 

techniques mentioned before is suitable for mass production in the long term. 

Compared with Si, the use of III-V native substrates is unfavourable. As shown in 

Table 1.1, the III-V substrates are far more expensive than Si, and the limited 

largest available wafer size of III-V substrates affects the scalability. A dramatic 

reduction in cost per PIC is visible when the costly III-V substrates are avoided 

[12, 13]. On the other hand, the direct epitaxy allows the growth of III-V compound 

materials directly on the Si substrates. From the economies of scale, this 

approach is attractive for integrating III-V lasers on the Si substrate with low cost 

and large scalability [23].  

1.2. Defects Facing Monolithic Growth of III-V Materials 
on Si Substrates 

Direct epitaxy of III-V materials on Si substrates is challenging due to large 

material dissimilarities between the III-V and group IV materials. III-V on Si 

heteroepitaxy has three main challenges [38-41]:  

1) Misfit and threading dislocations due to mismatch of lattice constant; 

2) Micro-cracks caused by large difference in thermal expansion coefficients; 

3) Antiphase boundaries (APBs) originating from polar-on-non-polar growth. 

In order to realise high-performance III-V lasers integrated on Si, extensive efforts 

have been devoted to developing the growth methods which can tackle three 

main challenges in III-V/Si heteroepitaxy. In this section, the mechanisms of 

defect formation and strategies to suppress the defects will be discussed. 

1.2.1. Misfit and Threading Dislocations 

The primary issue of direct epitaxy of III-V materials on Si is the formation of 

dislocations. Except for GaP, III-V materials have a large lattice mismatch with Si. 

As shown in Table 1.2, the lattice mismatch between Si and GaAs is around 4%. 
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During the GaAs-on-Si mismatched heteroepitaxy, the strain energy accumulated 

inside the epi-layer is proportional to the epi-layer thickness. Once the thickness 

of the strained layer exceeds a certain thickness, the so-called critical thickness, 

misfit dislocations (MDs) are formed at the interface between the epi-layer and 

the substrate to relax the accumulated strain. As shown in Figure 1.1 (a), a 

dangling bond appears as a group IV atom fails to bond to another atom because 

of the lattice mismatch, and this bond is occupied by only one electron [41]. In a 

GaAs/Si system, the commonly occurred MDs can be classified into two types: 1) 

edge MDs with Burgers vector lying in the interface (001) plane and perpendicular 

to the line direction. This type of dislocation mainly originates from Si steps and 

is “sessile”. 2) 60° MDs with Burgers vector of 60° to the dislocation line and 45° 

to the substrate, and this type of dislocation is termed “glissile” [42, 43]. Since 

dislocations cannot terminate within a crystal, 60° MDs tend to move towards the 

edge of the crystal or form segments that thread up as threading dislocations 

(TDs), which propagate freely along the {111} planes and move upwards to the 

epi-layer surface, as illustrated in Figure 1.1 (b). Both MDs and TDs are one-

dimensional line defects. MDs are mainly contained at the interface without 

bringing a significant impact on material quality. By stark contrast, the formation 

of TDs is harmful for device performance. This is because the TDs propagating 

freely along the {111} planes, penetrate through the whole crystal structure and 

act as non-recombination centres for carriers, which leads to short carrier lifetime, 

low photon emission efficiency, and impaired device performance [43].  

During the direct epitaxy of GaAs-on-Si, the formation of high-density TDs is 

inevitable. Figure 1.2 demonstrates a cross-sectional transmission electron 

microscopy (TEM) image of GaAs monolithically grown on a Si substrate. A high 

density of TDs forms at the GaAs/Si interface (typically of ~1010 cm-2) and 

propagates towards the active region, resulting in the degradation of device 

performance. Strategies that reduce the threading dislocation density (TDD) to a 

sufficiently low value are crucial for the growth of high-quality III-V materials and 

fabrication of practical III-V lasers on Si. 
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Table 1.2 Lattice constants of different semiconductor materials at room 

temperature. 

 Si Ge GaAs GaP GaSb 

Lattice 

constant (Å) 
5.431 5.658 5.653 5.451 6.096 

Mismatch 

with Si (%) 
0 4.179 4.087 0.368 12.244 

 

 

Figure 1.1 (a) Formation of an MD at the interface during lattice-mismatched 

heteroepitaxy. (b) Nucleation and propagation of both MDs and TDs along the 

(111) plane. 

 

 

Figure 1.2 Cross-sectional TEM image of GaAs monolithically grown on a Si 

substrate. A high density of TDs is observed at the GaAs/Si interface. 
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Before moving to the strategies, the mechanisms of TD annihilation should be 

clarified. Typically, a TD will stop propagating in three cases: 1) It reaches the 

edge of a crystal; 2) TDs with opposite Burgers vector sign encounter with each 

other and self-annihilate; 3) The net glide force of the TD drops to zero [43].    

Since dislocations nucleate at the interface of III-V/Si, the growth condition of the 

initial nucleation layer (NL) is hence of great importance. Low growth temperature 

and low growth rate are generally adopted for a GaAs NL. Under these conditions, 

a high density of GaAs islands with a few internal defects is formed due to the 

reduced diffusive mobility of adatoms [44]. Therefore, fewer defects will form after 

the coalescence of islands in low growth temperature GaAs NL. Further 

optimisation of NL can be realised by implementing AlAs NL instead of GaAs NL 

[45]. The relaxation of AlAs NL grown on Si is achieved by forming defects in the 

AlAs/Si interface and defective AlAs dots. Compared with the GaAs NL, the AlAs 

NL layer confines more defects at the interface, leading to the reduced number 

of TDs that can propagate into the GaAs buffer layer, as shown in Figure 1.3. 

 

 

Figure 1.3 Cross-sectional TEM image of GaAs/Si interface with (a) a GaAs and 

(b) an AlAs NL [45].  
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Nevertheless, the TDD after the AlAs NL remains as high as ~109 cm-2, and 

further treatment is required in the subsequent growth to suppress TD 

propagation. A straightforward solution is to grow a thick buffer layer, which allows 

TDs to have a higher chance of reaching the side of a crystal or meeting with 

each other for self-annihilation. However, this approach leads to the formation of 

micro-cracks, which significantly reduces the yield of laser devices. Thermal cycle 

annealing is widely adopted for reducing TDD [46, 47]. The thermal stress 

induced by annealing enhances the motion of TDs as the intrinsic energy barrier, 

i.e. Peierls barrier, is overcome [43]. A higher possibility of TD interaction and 

self-annihilation thus is promoted consequently. Inserting strained-layer 

superlattices (SLSs) acting as dislocation filter layers (DFLs) is also regarded as 

another effective method that can sufficiently reduce the TDD.  

SLSs consist of periodic lattice-mismatched thin layers without strain relaxation. 

These thin layers are alternately under tension and compression, as 

schematically shown in Figure 1.4. The in-plane lattice constant of materials 

keeps the same as lattice-mismatch is accommodated by strain without 

introducing MDs [48]. The unreleased strain in SLSs tends to bend TDs and 

forces them to move laterally towards the edge of a crystal, leaving behind the 

formation of MDs at the interface as it moves. The appearance of MDs relieves 

the misfit and tends to reduce the net glide force of TDs to zero [43]. Besides, 

SLS enhances the interaction between TDs, which is favourable for TD self-

annihilation. Lattice-mismatched ternary-binary SLSs, including InxGa1-xAs/GaAs 

and InxAl1-xAs/GaAs, are commonly used as DFLs in GaAs/Si systems [49]. Since 

InxGa1-xAs/GaAs is implemented in this thesis, the optimisation of InxGa1-

xAs/GaAs SLSs used as DFLs is emphasised in the following statement.  

For the design of a proper SLS, the strain force needs to be first considered. A 

trade-off appears as a higher strain force applied strengthens the filtering ability, 

while a too high strain force leads to the formation of new defects. Thus, the 

indium (In) composition and the thickness of GaAs space layers for InxGa1-

xAs/GaAs DFLs must be carefully designed. For instance, Tang et al. 

demonstrated that 18% of indium, along with a 300 nm GaAs space layer, 

delivered the best filter efficiency in the design of InxGa1-xAs/GaAs DFLs [50]. 

Besides, in situ thermal annealing was performed for each set of DFLs when the 
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growth was being pulsed in the reactor. This approach further reduces the TDD, 

as the motion of TDs was enhanced, and thus a higher possibility for TD self-

annihilation was achieved.  

Combining all these techniques enabled the growth of a high-quality GaAs buffer 

layer suitable for the integration of III-V laser devices with superior performance. 

As illustrated in Figure 1.5 (a) and (b), a sharp reduction in TDD was revealed 

when TD passes each set of In0.18Ga0.82As/GaAs DFLs. After four-set DFLs, the 

density of TDs was reduced to as low as ~106 cm-2 before propagating into the 

active region. 

 

 

Figure 1.4 Schematic diagram of SLSs formed by alternating lattice-mismatched 

InGaAs and GaAs layers. Arrows indicate strain force direction.  

  

 

Figure 1.5 (a) Cross-sectional dark-field TEM image of GaAs grown on a Si 

substrate with four-set DFLs. (b) TDD level measured in each position indicated 

in (a) [23].  
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1.2.2. Micro-cracks 

The second issue facing the heteroepitaxy of III-V material on Si is micro-crack. 

Because of the large mismatch in thermal expansion coefficients between III-V 

materials and Si (as shown in Table 1.3), the accumulated thermal stress during 

the growth is relieved by forming micro-cracks when the epi-layer cools down 

from its high growth temperature (580 °C for GaAs) to room temperature [51]. 

The formation of micro-cracks on the sample surface is shown in Figure 1.6. 

Similar to other defects, micro-cracks are detrimental to the device performance 

as they form scattering centres for light propagation and electrical leakage paths 

[52]. Additionally, the high density of micro-cracks will significantly reduce the total 

yield of devices [53]. 

After the sample growth, a prolonged cooling down period with a slower cooling 

rate is adapted to prevent the formation of micro-cracks [54]. Furthermore, the 

selective area growth (SAG) of III-V materials helps prevent micro-cracks 

formation by alleviating thermal stress. However, dense defects, including TDs 

and stacking faults, will be generated near the pattern edge, degrading crystal 

quality. Moreover, in large patterned areas, micro-cracks still remain on the 

sample surface [55]. Even though diverse techniques have been demonstrated, 

keeping the device thickness below the cracking threshold is the most economical 

and effective way. For the GaAs-on-Si epitaxy, the theoretical cracking threshold 

is ~5 µm [52].  

Table 1.3 Thermal properties of different semiconductor materials. 

 Si Ge GaAs GaP 

Thermal expansion 
coefficient    
(10-6 °C-1) 

2.60 5.90 5.73 4.65 

Mismatch with Si (%) 0 129.92 120.38 78.84 
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Figure 1.6 Micro-cracks appear on the sample surface after the growth of 

InAs/GaAs quantum dot (QD) laser structure on a Si substrate. 

 

1.2.3. Antiphase Boundaries 

The last issue is the formation of antiphase boundaries (APBs), or so-called 

inversion boundaries (IBs). APBs are planar defects arising from the deposition 

of polar III-V material on non-polar Si. III-As and III-P materials are zinc-blend 

structures in which different atoms occupy the two sublattices. By contrast, in Si, 

the same atoms occupy both sublattices in its diamond crystal structure [38]. The 

Si (001) surface with a small offcut angle exhibits terraces of alternating 1×2 and 

2×1 dimerisation, which are separated by single-atomic-height (S) steps [56-58]. 

Direct epitaxy of GaAs on Si (001) leads to two domains of GaAs with opposite 

polarity, which are the antiphase domains (APDs). The interface between two 

APDs is an APB, consisting of homopolar bonds, e.g. As-As bond or Ga-Ga bond 

[59]. As shown in Figure 1.7, dense APBs are presented on the sample surface 

when GaAs has been grown on a Si (001) substrate. APBs nucleate at the 

GaAs/Si interface, and most of them propagate through {110} planes to the 

surface. The kink of APBs into higher index planes, such as {111} and {112} 

planes, depends on the growth temperature of the epi-layer. This process is 

crucial as it enhances the intersection and self-annihilation of APBs [60, 61]. By 
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contrast, the Si dimers are in the same orientation in the double-atomic-height (D) 

stepped Si surface. Hence, the nucleation of APBs is prevented during the growth 

of GaAs on a D-step-dominated Si substrate [41]. The APB nucleation and 

propagation under different circumstances are summarised in Figure 1.8.   

 

 

Figure 1.7 AFM image of APBs formed on the surface when GaAs is 

monolithically grown on an on-axis Si (001) substrate.  

 

 

Figure 1.8 Schematic diagram of APBs nucleate at the Si S steps while the 

nucleation of APBs is prevented on the Si D steps.  
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APBs are electrically charged planer defects, which act as non-radiative 

recombination centres and electrical leakage paths. The presence of APBs is 

detrimental to the device performance [59, 62, 63]. Furthermore, as shown in 

Figure 1.9, the propagation of APBs distorts DFLs, inducing TDs to propagate 

towards the active region and degrading the device performance. A commonly 

used solution for suppressing APBs is to implement 4°or 6° offcut Si substrates, 

which preferentially form dominated Si D steps [57, 58]. However, these offcut Si 

substrates are incompatible with CMOS processing technology, where exactly 

orientated Si (001) substrates with a miscut angle less than 0.5° are commonly 

employed [64]. Various techniques have been developed to achieve 

heteroepitaxy of APB-free III-V materials on on-axis Si (001) substrates [65].  

 

 

Figure 1.9 APBs distort DFLs, inducing TDs to propagate towards the active 

region. 

  

V-grooved Si (001) Substrate 

The first method for eliminating APBs is to adopt V-grooved Si (001) substrates. 

The V-shape Si with (111) facets prevents the formation of APBs even with the 

presence of S steps [41, 66]. By adopting V-grooved Si (111) surfaces through an 

aspect ratio trapping (ART) process, Li et al. successfully produced APB-free 

GaAs grown on a Si (001) substrate, which is the so-called GaAs-on-V-grooved 
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Si (GoVS) template [67]. The n-type doped Si (001) substrate patterned with [110] 

direction SiO2 strips was etched by KOH solution to form V-grooved Si (111) 

facets due to the lowest etching rate of Si being in the (111) plane [66]. Selective 

area growth of GaAs nanowires was performed using a metalorganic chemical 

vapour deposition (MOCVD) system with a two-step growth method. After 

removing the SiO2 strips, coalesced GaAs thin film was grown to finish the 

template. High-quality GaAs thin film was obtained after 300 nm GaAs 

overgrowth, as shown in Figure 1.10 (a) and (b). An APB-free surface with low 

root-mean-square (RMS) roughness of 1.9 nm was achieved. 

 

 

Figure 1.10 (a) Cross-sectional scanning electron microscope (SEM) image and 

(b) atomic force microscope (AFM) image of grown GaAs in the GoVS template 

[67]. 

 

Formation of Si D steps on Si (001) Substrates by MOVPE (MOCVD) 

Instead of using patterned Si (001) substrates, a method for forming the 

dominated D steps on a Si (001) substrate has also been developed to prevent 

the formation of APBs. The Si D steps can be formed by high temperature 

annealing of Si in a hydrogen ambient. Using this method, Kunert et al. achieved 

APB-free GaP on Si (001) substrate with an offcut angle ~0.12° using metal-

organic vapour phase epitaxy (MOVPE) [68]. A 500 nm Si buffer layer was first 

grown, followed by post-growth annealing for 10 min at 975 °C at a hydrogen 

pressure of 950 mbar to obtain dominated Si D steps. The AFM image of this 

annealed Si buffer layer is shown in Figure 1.11, where dominated Si D steps were 
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formed with an average distance of ~120 nm, as indicated by red lines. However, 

triangle-shaped S steps still existed between two neighbouring D steps, covering 

~15% surface area [61]. In the subsequent growth, a two-step growth method of 

GaP was implemented. After the growth of 3 nm GaP NL, a higher growth 

temperature was employed to kink the APBs into higher index planes and promote 

APB self-annihilation. Finally, an APB-free GaP layer was achieved after the 

growth of 50 nm GaP. 

 

 

Figure 1.11 AFM image of optimised Si buffer layer [61]. 

 

Recently, an APB-free GaAs grown on a Si (001) substrate without using any 

intermediate Si buffer layer was demonstrated by Alcotte et al. [62]. A Si (001) 

substrate with a miscut angle of 0.15° toward [110] direction was intentionally 

selected in this work. The Si wafer was first deoxidised in a SiConi™ chamber 

using an NF3/NH3 plasma before transferring to an MOCVD reactor. High-

temperature annealing (850 – 950 °C) in a hydrogen ambient was then carried 

out to promote the formation of Si D steps. A surface of GaAs grown on the un-

optimised Si substrate is shown in Figure 1.12 (a), where a high density of APBs 

is visible. By utilising an optimised Si substrate with the dominated Si D steps 

(Figure 1.12 (b)), a 150 nm APB-free GaAs film was obtained with an RMS of 0.8 

nm, as presented in Figure 1.12 (c).  
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Figure 1.12 (a) 5 ×  5 µm2 AFM image of GaAs grown on un-optimised Si 

substrate showing a high density of APBs. (b) Si D steps formed after annealing 

Si substrate under optimised conditions. (c) 5 × 5 µm2 AFM image of a 150 nm 

APB-free GaAs layer grown on Si (001) with a miscut angle of 0.15°, an RMS of 

0.8 nm was achieved on this surface [62]. 

 

High-temperature AlGaAs Nucleation Layer Grown by MBE 

The final alternative to suppress the formation of APBs is the use of high-

temperature AlGaAs NL. Kwoen et al. investigated the Al composition of AlGaAs 

NL and its impact on the APB suppression [69]. Four samples were compared 

under identical growth conditions except for the composition of Al in the first 40 

nm AlxGa1-xAs NL. In this study, an AlxGa1-xAs nucleation layer was first grown at 

500 °C, followed by a growth of 2.3 µm GaAs. Cross-sectional TEM images of 

GaAs grown on different NLs are shown in Figure 1.13, revealing that NLs made 

of GaAs and Al0.3Ga0.7As deliver better confinement of APBs than Al0.5Ga0.5As 

and Al0.7Ga0.3As. The quality of the grown GaAs layer was also compared using 

AFM, X-ray diffraction (XRD) and photoluminescence (PL) results, which 

concluded that Al0.3Ga0.7As NL produced the best GaAs crystal quality. It was 

suggested that Al0.3Ga0.7As NL promoted self-annihilation of APBs, and an APB-

free GaAs layer was achieved in this manner. 
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Figure 1.13 Cross-sectional SEM images of GaAs grown on (a) GaAs (b) 

Al0.3Ga0.7As (c) Al0.5Ga0.5As (d) Al0.7Ga0.3As nucleation layers with APBs are 

clearly labelled [69].  

 

1.3. Introduction to Semiconductor Lasers 

1.3.1. Basic Concept of Semiconductor Lasers 

The term “laser” is an acronym for “Light Amplification by Stimulated Emission 

Radiation.” As suggested by the name, the operation of lasers relies on the 

stimulated emission. Assuming that there is a two-level atomic system, the 

occupation of electrons in the lower state and upper state are defined as N1 and 

N2, respectively. The absorption of photons excites electrons from a lower 

(ground) state to an upper (excited) energy state when the photon energy is equal 

to the energy separation between energy states, that is  

ℎ𝑣	 = ∆𝐸																																																																		(1.1) 

where h is the Planck constant, 𝑣  represents the frequency of the incident 

photon and ∆E is the energy gap between the lower and upper states. 

When an excited electron, which stays in the upper energy state, is perturbed by 

an incident photon with energy described in (1.1), the electron will drop to the 

lower energy state, leading to the emission of a second photon with the identical 

phase, polarisation, frequency and travel direction as the incident one [70, 71]. 

This process is called stimulated emission, which forms the basis of light 

amplification in lasers [72].  
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This light amplification requires stimulated emission to dominate light absorption. 

Under the condition of thermal equilibrium, the occupation of electrons in the 

upper state (N2) and lower state (N1) follows the relationship as 

𝑁4
𝑁5
	= exp	(−∆𝐸/𝑘<𝑇)																																																(1.2) 

where kB is the Boltzmann constant and T is the temperature.  

According to equation (1.2), in thermal equilibrium, the occupation of electrons in 

the upper state is always less than that in the lower energy state (N1 > N2). Since 

the absorption and stimulated emission rates are proportional to N1 and N2, 

respectively, the non-equilibrium distribution called population inversion (N2 > N1) 

is essential to enable the stimulated emission to predominate over the absorption. 

The achievement of population inversion leads to the sustained stimulated 

emission and forms the basis of laser operation [72]. The population inversion 

can be reached by pumping sources such as current injection or optical pumping. 

The critical elements for realising an efficient laser include a pumping source, a 

gain medium, and an optical cavity with feedback, as shown in Figure 1.14. As 

mentioned previously, the pumping source provides the energy for achieving 

dominated stimulated emission over absorption in the gain medium. An optical 

cavity with mirrors used for feedback sustains the light amplification process and 

maintains coherence [73]. Lasing begins once the pumping energy exceeds the 

current threshold. 

 

 

Figure 1.14 Schematic diagram of a laser device consisting of three key elements. 

The two mirrors (M) are used for optical feedback [73]. 
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1.3.2. Introduction to Quantum-confinement Structures 

A particle is quantum-confined once the spatial movement of that particle is 

comparable to its de Broglie wavelength  

𝜆	 = 	
ℎ
𝑝																																																														 (1.3) 

where h is the Planck constant and p is the momentum of this particle. Based on 

its dimensionality, a quantum-confined structure can be classified as 1) a 

quantum well (QW) with one-dimensional confinement, 2) a quantum wire with 

two-dimensional confinement, or 3) a quantum dot (QD) with three-dimensional 

confinement.  

The energy spectrum of a quantum-confined structure can be determined using 

the Schrödinger wave equation. In a quantum well, the electrons and holes have 

free motion in two directions (x- and y-direction) but are confined in another 

direction (z-direction). Considering a quantum well with infinite potential walls has 

a distance d, the potential energy is assumed as  

𝑉B = C0								0 ≤ 𝑧 ≤ 𝑑	
∞							otherwise 																																															 (1.4) 

where Vz is the potential energy of particles. The time-independent Schrödinger 

equation within the well is given by  

		−
ℏ4

2𝑚∗
𝑑4𝜑(𝑧)
𝑑𝑧4 	= 	𝐸𝜑(𝑧)																																												(1.5) 

where ℏ is the reduced Planck constant, 𝑚* is the effective mass of the particle, 

𝜑(𝑧) is the wavefunction of the particle, and E is the energy of particles. Since 

the confining barrier is infinitely high, applying a boundary condition of 𝜑(0) =

𝜑(𝑑) = 0 at the interfaces to equation (1.5) yields a solution to the wave function 

𝜑R(𝑧) 	= 𝐴	𝑠𝑖𝑛(𝑘R𝑧)																																																				(1.6) 

where A is the normalisation constant, n is the integer representing energy state 

levels, and the wavenumber is    

𝑘R	=	
𝑛𝜋
𝑑 																																																														 (1.7) 
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Thus, the energy level of the confined carrier in the z-direction in the nth quantum 

level is obtained as 

𝐸R	=		
ℏ4𝑘R4

2𝑚∗ 	= 		
ℏ4

2𝑚∗ 	Z
𝑛𝜋
𝑑 [

4
																																											 (1.8) 

By adding the carrier energies in the x- and y- direction, the total energy of the 

carrier is obtained as  

𝐸]^]_` = 𝐸Ra+	
ℏ4𝑘c4

2𝑚∗ +
ℏ4𝑘d4

2𝑚∗ 	=		
ℏ4

2𝑚∗ 	Z
𝑛B𝜋
𝑑 [

4
+	
ℏ4𝑘c4

2𝑚∗ +
ℏ4𝑘d4

2𝑚∗ 																 (1.9) 

Similarly, when the degree of confinement increases to three-dimension (QD 

structure), the motion of electrons and holes will be confined in the x-, y-, and z-

directions. The energy of particles is then represented by   

𝐸(𝑛c, 𝑛d, 𝑛B)		= 		
ℏ4𝜋4

2𝑚∗ 	g
𝑛c4

𝑑c4
+
𝑛d4

𝑑d4
+
𝑛B4

𝑑B4
h																																(1.10) 

where integers nx, ny, nz represent quantised energy levels in each direction. 

The density of state (DOS) represents the available electronic states per unit 

energy interval per unit volume of a crystal. As shown in Figure 1.15, with an 

increase in the degree of quantum confinement, the representing DOS will be 

more confined accordingly. In a bulk material, the electrons within the conduction 

band are not quantised in any spatial direction, leading to continuous DOS. The 

DOS of the bulk material has an E1/2 dependence and is represented by a 

parabolic curve.  

In the QW structure, the carriers have free motion in the two-dimension (x- and 

y- direction) while they are quantised in another direction (z-direction). The DOS 

of QW has E0 dependence and is represented by step functions, each of which 

corresponds to a subband. Assuming that the bandgap alignment forms type I 

alignment [74], a QW is formed when a low bandgap semiconductor material 

(such as GaAs) with thickness d is sandwiched by thick semiconductor materials 

with higher bandgap (such as AlGaAs). The thickness of QW, d, is comparable to 

or smaller than the de Broglie wavelength of electrons in GaAs to provide one-

dimensional confinement. By contrast, the AlGaAs layers, which act as the barrier 

layers, are normally thick to avoid the delocalisation of carriers. Hence, electrons 
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and holes are one-dimensionally confined by the potential walls introduced by 

band discontinuity, as schematically shown in Figure 1.16. 

By further increasing the degree of confinement to one-dimensional material 

(quantum wire), carriers have free motion in only one direction and are quantised 

in the other two, and the DOS of quantum wires changes to E-1/2 dependence. In 

a perfect zero-dimensional structure (QD), the motion of carriers is confined in all 

three dimensions, resulting in discrete energy levels, and the QD has a delta-

function-like DOS, as shown in Figure 1.15. The QD structure can be realised by 

various methods [23, 75-77]. One example is the electrostatically defined lateral 

quantum dots formed within two-dimensional electron gas (2DEG), allowing 

manipulation of electrons for quantum computation [77-79]. This thesis mainly 

focuses on self-assembled InAs/GaAs QDs, which are formed through Stranski-

Krastanov (S-K) growth mode. The low-bandgap material (InAs) is three-

dimensionally surrounded by the high bandgap material (GaAs). The band offsets 

between materials, in this case, provide three-dimensional potential walls to 

carries. Consequently, carriers are quantised from all dimensions and localised 

within the low bandgap region.  

 

 

 

Figure 1.15 Schematic diagrams of quantum-confined structures and their 

corresponding DOS. 
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Figure 1.16 Band structure of a QW. 

 

Merits of Quantum Dot Laser Devices 

As shown in Figure 1.15, QD structures have delta-function-like DOS, making 

them promising to be used as a gain medium of high-performance laser devices. 

In the real semiconductor system, the size fluctuation of self-assembled QDs 

results in inhomogeneous boarding. Fortunately, the separation between 

principal quantum states within the conduction band of InAs QD is as high as ~65 

meV, which is larger than inhomogeneous boarding (~25 meV), so that the 

quantised separation in DOS is maintained [12, 53, 80, 81].   

Since the robust temperature performance of a laser device is highly desirable 

for Si-based PICs, achieving high-temperature lasing and stability is essential. 

The large intersubband separation in the QDs prevents the thermal escaping of 

the injected carriers from the ground state (GS) to excited states (ES) or even 

wetting layer, leading to sustained lasing of QD laser device at high temperatures. 

Nevertheless, for InAs/GaAs QDs, the spacing between energy levels in the 

valence band is ~10 meV, which is below kBT at room temperature. Hence, holes 

are more likely to escape the QDs thermally. By implementing p-type doping in 

the active region, the holes will be compensated, contributing to the population 

inversion and enhancing the gain of QD lasers even at high temperatures [80, 82, 
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83]. Therefore, a QD laser with a stable threshold current density over a wide 

temperature range is obtained [84].  

Besides, the QD structure has been proven to be defect-insensitive compared 

with both the bulk material and QW [81, 85]. The appearance of dislocations such 

as MDs and TDs within the active region of bulk material or QW creates deep 

energy states (defect states), in which carriers are combined non-radiatively, 

leading to degraded device performance. By stark contrast, the carriers trapped 

by QDs are unable to diffuse to defect states unless they are thermalised into the 

wetting layer [81]. Therefore, the propagation of TDs can only “kill” a few QDs 

while leaving others unaffected. Besides, TDs move freely in the QW/bulk 

samples, while the strong strain field associated with the QD array prevents the 

movement of TDs, as shown in Figure 1.17. Therefore, low threshold current 

density and high reliability are expected for QD laser devices that outperform their 

bulk and QW counterparts [23, 86]. 

An AFM image of the typical surface morphology of InAs/GaAs QDs grown on Si 

substrate by molecular beam epitaxy (MBE) is presented in Figure 1.18. A review 

of the literature covering QD lasers grown on Si will be presented later in this 

chapter. 

 

 

Figure 1.17 Schematic diagram and cross-sectional TEM images of the 

interaction between QDs and TDs. 
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Figure 1.18 AFM image of InAs/GaAs QD monolithically grown on Si substrate. 

 

1.4. Literature Review of Lasers on Si 

To fully utilise the advantages of optical interconnections in Si photonics, five 

critical conditions must be met when choosing the light source: 1) Operates at 

telecom-wavelength bands such as O-band (~1330 nm) and C-band (~1550 nm) 

for optical communication. 2) Continuous wave (CW) lase under electrically 

pumping and tolerate high operating temperatures >60 °C. 3) Lase with low 

threshold current density and high output power. 4) Directly integrate onto a Si 

platform that is CMOS-compatible [11-13]. In recent decades, various efforts have 

been pursued to achieve these ultimate goals, and the technology boom in 

pushing laser devices to higher performance is visible. In this section, a short 

review of laser devices with different material systems is presented. 

1.4.1. Group IV Lasers 

An ideal integrated light source for Si-based PICs is the semiconductor laser. 

Since most of the critical components in Si-based PICs have been demonstrated, 

the realisation of high-performance group IV lasers on Si could enable large-scale 

processing of PICs on a CMOS platform and mass production with high 

throughput and yield. 
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All-Si Lasers 

Several attempts have been made through the years to integrate a laser source 

on Si, such as the Si Raman laser that implements the stimulated Raman 

scattering effect [25]. In 2005, the first CW Si Raman laser with a wavelength of 

1670 nm was demonstrated by Rong et al. from Intel [24]. However, the light 

amplification of the Si Raman laser requires optical pumping from an external 

laser. As a result, Si Raman lasers are unfavourable for PICs.  

Ge-on-Si Lasers 

Ge has been regarded as one of the most promising candidates for achieving 

efficient group-IV lasers thanks to its pseudo-indirect band structure. As shown in 

Figure 1.19 (a), there is only a small energy difference of 0.136 meV between the 

indirect L valley and the direct Γ valley of Ge, which can be compensated by 

sufficient band engineering. In 2007, Liu et al. demonstrated that by merging both 

tensile strain and n-type doping, Ge could be used as a gain medium as its 

bandgap becomes direct [26]. The schematic diagrams showing the impact of 

tensile stain and n-type doping on Ge band structure are illustrated in Figure 1.19 

(b) and (c). The direct Γ valley shrinks faster than indirect L valleys when tensile 

strain is applied due to different deformation potentials between the two valleys 

[87]. It has been predicted that a tensile strain of 1.8 % and above could make 

Ge a direct bandgap material. However, there are strain-induced disadvantages 

for practical applications. For example, the large bandgap shrinkage induced by 

large applied tensile strain leads to practical demerits, such as a longer emission 

wavelength beyond the telecommunication C band. Therefore, a moderate 

tensile strain of 0.25 % is most favourable. However, Ge is still an indirect 

bandgap material when a 0.25 % tensile strain is applied. Doping Ge with n-type 

impurities offers a solution to this problem. The extrinsic electrons from donors 

thermally activate and fill the L valley to compensate for the energy difference 

between the L and Γ valleys. Although a high level of n-type doping could 

significantly enhance the PL intensity, an exorbitant doping level will introduce 

optical losses through free carrier absorption. Considerable attention has been 

paid to the inverse relationship between the extent of n-type doping and the 

overall gain. [27, 28, 88]. 



Chapter 1 Introduction 

53 

 

 

Figure 1.19 Band structure of (a) bulk Ge, (b) 0.25 % tensile strained intrinsic Ge, 

(c) 0.25 % tensile strained Ge with n-type doping [26]. 

 

In 2010, Liu et al. successfully demonstrated the first optically-pumped Ge laser 

operating at room temperature with a wavelength of ~1600 nm by utilising 0.25 % 

in-plane strain and 1x1019 cm-3 n-type (P) doping [89]. The 0.25 % in-plane tensile 

strain was induced by the large thermal expansion coefficient mismatch between 

Ge and Si [90]. A Ge layer was initially grown on Si at 650 °C, followed by 40 min 

annealing at 900 °C. Upon cooling, the thermally induced 0.25 % tensile strain 

accumulated in the Ge layer. Based on a similar method, an electrically pumped 

Ge laser was announced by the same group in 2012 [29]. The schematic diagram 

of such a laser is shown in Figure 1.20 (a). A high n-type doping level was applied 

to overcome the loss introduced by electrical contacts and boost the overall gain. 

The doping level adopted for this work (4x1019 cm-3) was four times larger than 

the previous optically pumped work. However, the large free-carrier absorption 

loss introduced by high dopant concentration resulted in an ultra-high laser 

threshold of 280 kAcm-2 (Figure 1.20 (b)), severely impeding the practical use of 

this Ge laser.  

Besides, several approaches relying on pure mechanical strain were proposed to 

achieve a direct bandgap Ge layer, including Ge nanomembranes [91] and 

applying stressor layers [92]. In 2013, Süess et al. presented a stressor-free 
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technique that enabled a 3.1 % uniaxial strain induced by the microbridge 

structure via selective wet etching [93]. The further increase in tensile strain up 

to 5.9 % resulted in optical pumped lasing from Ge microbridges [94]. 

 

  

Figure 1.20 (a) Electrically pumped Ge laser. (b) The power-current 

measurement of an electrically pumped Ge laser device, showing a threshold 

current density of 280 kAcm-2 [29].  

 

(Si)GeSn Based Lasers 

Incorporating α-Sn into a Ge lattice to form a GexSn1-x binary alloy is considered 

another promising way of realising room temperature, electrically pumped Group 

IV lasers. The indirect-to-direct transition has been theoretically predicted to 

occur at 6.5 % Sn incorporation in strain-free GexSn1-x, and a higher Sn% is 

required for a compressively strained alloy [95]. Realising a GeSn layer with high 

crystal quality is challenging due to 1) ~15 % lattice mismatch between Ge (5.658 

Å) and α-Sn (6.489 Å), 2) the extremely low solubility of Sn in Ge (<1%) when 

GexSn1-x alloy is grown below 200 °C [96, 97]. Thus, the non-equilibrium growth 

process is crucial for the growth of high-quality GexSn1-x binary alloys.  

Early on, MBE groups demonstrated remarkable achievements in producing high 

Sn % in thin-film GexSn1-x [98]. However, in order to suppress the Sn surface 

segregation, the growth of GexSn1-x was kept at a low temperature, which results 

in low surface energy [99]. The epitaxial breakdown thickness has been reported 

as ~195 nm for Ge0.9Sn0.1 and ~60 nm for Ge0.85Sn0.15 at a growth temperature of 
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160 °C. Once the epitaxial thickness goes beyond the breakdown thickness, vast 

surface roughening and a considerable variation of Sn % in GexSn1-x are 

observed [100, 101]. Multiple quantum well (MQW) structures of GeSn/Ge have 

thus been adopted in MBE growth to dissipate the built-up stress and meet the 

thickness requirements for a gain medium. The deposition of high-quality GexSn1-

x films at around 370 °C is achieved in CVD, based on the chemical reaction 

between gaseous reactants (precursors) [31]. The high growth temperature 

offered by CVD provides a higher possibility for the growth of a thick GexSn1-x 

layer with a high Sn percentage. After Wirths et al. demonstrated the first 

Ge0.874Sn0.126 laser operating at 90 Kelvin (K) with a wavelength of 2.3 μm [32], 

further studies have been focused on either raising the Sn concentration in GeSn 

[102] or increasing the laser operating temperature to near or even more than 

room temperature [103].  

Recently, research into ternary SiGeSn has attracted a lot of scientific interest. 

The increased degree of freedom introduced by the addition of Si offers 

independence between the lattice constant and bandgap energy of SiGeSn. 

Besides, the incorporation of Si is believed to boost the thermal stability of the 

ternary compared with its binary counterpart, which is more robust and favourable 

for optoelectronic devices [104]. Systematic studies of SiGeSn bandgap tuning 

and bowing factors have been conducted theoretically [105] and experimentally 

[106]. An optically pumped lasing result has been reported for a 

Ge0.87Sn0.13/Si0.05Ge0.82Sn0.13 MQW micro-disk laser [34]. However, the lasing 

threshold of this laser was still high of 40 kWcm-2, and the lasing temperature was 

low of 20 K. 

Most recently, the first CW electrically pumped lasing result has been reported for 

a tensile strained Ge0.946Sn0.054 micro-disk laser with a SiNx stressor [35]. The 

lasing threshold current density of this laser was relatively lower (800 Wcm-2) than 

other GeSn-based laser devices. However, the operating temperature for lasing 

was still low (70 K). A further improvement of GeSn material quality is required 

for achieving a practical GeSn-based laser device [33, 106-108]. 
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1.4.2. III-V Lasers Grown on Si Substrates 

The intrinsic indirect bandgap nature of Si and Ge impedes sufficient light 

emission from both materials. Although significant progress has been achieved 

for Ge based laser devices, a high threshold current density severely limits its 

applications. For the GeSn based laser devices, both low operating temperature 

and unsuitable operating wavelengths make them impractical for Si-based PICs. 

On the other hand, owing to the direct bandgap and superior optical properties, 

integrating III-V material onto Si has been regarded as one of the most realistic 

ways to achieve an on-chip light source for Si-based PICs. 

Development of III-V Lasers Grown on Si Substrates 

The development of growing III-V laser devices on Si substrates has been 

pursued for almost 40 years. The first GaAs/AlGaAs double heterostructure 

grown on Si was demonstrated with a pulsed operation up to 77 K and threshold 

current density of ~11 kAcm-2 by Windhorn et al. in 1984 [109]. The higher 

temperature performance introduced by the quantum-confined structure attracted 

intensive scientific interest. A room-temperature, CW AlGaAs/GaAs QW 

heterostructure was realised by Deppe et al. However, this device showed a 

limited lifetime of ~4 hours under CW operation mode [110, 111]. By using a 15 

µm-thick buffer layer and InP/InGaAsP DFLs, an MQW laser operating at 1.5 µm 

was reported by Sugo et al. [112]. A lifetime of >2000 hours at room temperature 

under CW operation mode was reported for this laser. In 2003, by using a thick 

GeSi graded buffer layer to suppress TDs, Groenertet et al. reported a room 

temperature, CW GaAs/AlGaAs QW laser grown on Si with a low threshold 

current density of 269 Acm-2 and lifetime of 4 hours [113].    

III-V Quantum Dot Lasers Monolithically Grown on Si substrates 

The concept of QD laser was first proposed by Arakawa et al. in 1982, predicting 

temperature-insensitive properties in a QD laser device, owing to the three-

dimensional confinement of carriers in the QD structure [114]. Four years later, 

Asada et al. theoretically investigated the optical gain of a QD laser device for the 

first time. However, due to the lack of feasible QD growth techniques, the 

research focus was mainly devoted to the theoretical studies of QD. The real 

applications of QD were not achieved until the growth of high-quality self-
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assembled QDs in a lattice-mismatched system by S-K growth mode was 

implemented. The first QD laser grown on the Si substrate was demonstrated by 

Linder et al. in 1999 [115], though the performance of this laser device was 

unsatisfactory. This pulsed laser suffered from a high threshold current density of 

3.8 kAcm-2 and required a low operating temperature of 80 K. After optimising the 

growth conditions, Kazi et al. first demonstrated a room-temperature CW QD 

laser device in 2001 [116]. Furthermore, by conducting an ageing test in this work, 

the superior reliability of the QD laser was revealed compared with a QW laser 

with the same structure. Pioneering works on high-performance QD laser devices 

demonstrated significant progress in the following decade [117]. For example, Liu 

et al. introduced high-growth-temperature GaAs space layers to optimise the dot-

in-well (DWELL) structure [118-120]. Besides, implementing p-type modulation 

doping by Deppe et al. and Smowton et al. significantly enhanced the thermal 

stability of QD devices [82, 83].  

Driven by the rapid development of the QD laser device and the increasing 

interest in Si-based PICs, the monolithic growth of 1.3 µm QD laser structures on 

Si substrates is highly desired. By optimising GaAs NL, an electrically pumped 

1.3 µm InAs/GaAs QD laser monolithically grown on an offcut Si substrate was 

first realised by Wang et al. in 2011 [121]. However, the high-level TDs in the 

active region led to a high threshold current density of 725 Acm-2, impeding the 

practical use of this laser device. In the meantime, inserting a Ge buffer layer as 

an intermediate layer formed a possible solution by suppressing TD propagation. 

Ge-on-Si serving as a virtual substrate (VS) could bridge the lattice mismatch 

between GaAs and Si. Since Ge has an almost identical lattice constant as GaAs, 

only a limited number of TDs will form at the interface between Ge and GaAs. At 

the same time, high-quality Ge-on-Si was commercially available. Only one year 

after the first electrically pumped QD laser was developed on the Si substrate, a 

CW electrically pumped QD laser grown on a Ge/Si VS with a lower threshold 

current density of 163 Acm-2 was demonstrated by Lee et al. [122]. Lasing up to 

30 °C under CW operation and 84 °C under pulsed operation were also presented 

in this work. In 2014, a high-performance InAs/GaAs QD laser with record-high 

properties was produced by Liu et al. [84]. In addition to the high room 

temperature output of 176 mW, this QD laser device with p-type doping in gain 
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medium exhibited superior temperature performance. The CW lasing at 119 °C 

(excited state lasing) was reported, and the T0 was obtained as 143 K from 20 to 

40 °C and 41 K from 40 to 120 °C. Further ageing tests of the same laser device 

were performed, presenting more than 2700 hours of CW operation at 30 °C [86].  

A QD laser directly grown on Si without adopting an intermediate group-IV buffer 

layer attracts intensive scientific interest to achieve full integration of PICs on Si 

substrate. Since the presence of high TDD in the active region hinders the 

practical use of QD lasers on Si, various strategies have been developed to 

suppress the propagation of TDs. For example, Lee et al. implemented AlAs NL 

to provide better confinement of TDs than GaAs NL [45]. In addition, inserting 

SLSs act as DFLs has been regarded as one of the most effective methods to 

impede the upward propagation of TDs towards the active region. For instance, 

Tang et al. optimised the indium composition and GaAs thickness of the 

InGaAs/GaAs DFL. In situ thermal annealing was also performed for each DFL 

to enhance the motion of TDs and thus lead to TD self-annihilation. Finally, TDD 

can be reduced to ~106 cm-2 based on these methods [50]. The QD laser device 

grown on these optimised DFLs exhibited a lower threshold current density and 

better temperature performance. By combining all of the methods mentioned 

above, the first practical, monolithic 1.3 µm QD laser grown on offcut Si was 

reported by Chen et al. in 2016, representing a significant step towards 

commercialisation. A high CW lasing temperature (76 °C) was demonstrated with 

an extremely low threshold current density of 62.5 Acm-2. An extrapolated lifetime 

for this laser was predicted to be more than 100000 hours. 

Although impressive results have been achieved in 1.3 µm InAs QD laser 

monolithically grown on Si substrate, the laser devices mentioned previously 

demand the use of offcut Si substrates. The offcut Si substrates are incompatible 

with CMOS processing technology, where exactly orientated Si (001) substrates 

with a miscut angle less than 0.5° is commonly employed. The need for 

heteroepitaxy of III-V materials on on-axis Si (001) was soon be satisfied by 

developing new techniques. In 2017, the first 1.3 µm QD lasers grown on Si (001) 

substrates were reported almost simultaneously by Liu et al. [123], Norman et al. 

[124] and Chen et al. [64] by utilising well-developed GaP/Si (001) [68], GaAs-

on-V-grooved Si [67] and GaAs/ Si (001) templates [62], respectively. A detailed 
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description of these templates can be found in Section 1.2.3. By using a GaP/Si 

(001) substrate from NASPIII/V GmbH, Liu et al. demonstrated a high-

performance QD laser device with CW lasing up to 90 °C and a threshold current 

density of 860 Acm-2 [123]. Meanwhile, the QD laser devices fabricated by 

Norman et al. and Chen et al. offered CW lasing up to 80 °C [124] and 36 °C [64], 

respectively. A refinement work based on a GaP/Si (001) platform was reported 

by Jung et al. [125]. By applying InGaAs/GaAs DFLs and thermal cyclic annealing, 

a high-quality GaAs buffer layer with a low TDD of 8.4 × 106 cm-2 was obtained 

[125]. A QD laser device with exceptional performance was reported based on 

this buffer layer, e.g. CW lasing up to 85 °C with a low threshold current of 6.2 

mA and high output power of 185 mW at 20 °C. More importantly, the lifetime of 

this device was predicted to be excess million hours at 35 °C. These results 

demonstrated a bright future for high-performance InAs QD laser grown on 

CMOS-compatible Si (001) substrates.  

The previously discussed high-performance QD laser device grown on Si (001) 

requires combining MBE and MOCVD (MOVPE) systems. An APB-free III-V 

template was grown in an MOCVD reactor and then transferred into an MBE 

system to grow the QD laser structure. MBE is superior in developing QD laser 

structure as 1) the operation of MBE is under ultra-high vacuum, which 

contributes to precise control of growth parameters, including layer thickness, 

doping level and material composition. 2) MBE is capable of growing high-quality 

material, especially for Al-incorporated III-V materials. An all-MBE grown 

InAs/GaAs QD laser device on Si (001) simplifies the growth requirements and 

hence is preferential.  

In 2018, Kwoen et al. achieved APB-free GaAs on Si using high temperature 

Al0.3Ga0.7As NL [69]. Based on this template, an all-MBE grown InAs/GaAs QD 

laser device was first reported [126]. A maximum operating temperature up to 

70 °C was obtained under pulsed operation with a threshold current density of 

320 Acm-2. By narrowing the mesa width and implementing p-type doping in the 

gain medium, Kwoen et al. refined the laser structure. A QD laser with CW lasing 

up to 101 °C and T0 of 50 K between 20 °C to 90 °C was reported. To summarise 

this section, Table 1.4 is presented so that comparisons between different QD 

lasers grown on Si can be more easily appreciated. 
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Table 1.4 The timeline of QD lasers grown on Si substrates. 

Year Substrate Reactors Wavelength 
(µm) 

Max 
output 
power 
(mw) 

Max Lasing 
Temperature 

(°C) 

Threshold 
current 
density 
(Acm-2) 

Ref 

1999 Si (001) 
2°offcut MBE 1.01 ~1.3 -193 

(pulsed) 3850 [115] 

2001 Si (001) 
2°offcut MOCVD 0.85 ~5 RT (CW) 1320 

(CW) [116] 

2005 Si (001) 
4°offcut MOCVD+MBE ~1.00 >50 

(pulsed) 95 (pulsed) 1500 
(pulsed) [117] 

2011 Si (001) 
4°offcut MBE 1.30 26 

(pulsed) 42 (pulsed) 725 
(pulsed) [121] 

2012 Ge/Si 
6°offcut MOCVD+MBE 1.28 93 

(pulsed) 
30 (CW) 

84 (pulsed) 

63.4 
(pulsed) 

163 (CW) 
[122] 

2014 Ge/Si 
6°offcut MOCVD+MBE 1.25 176 

(CW) 
119 (CW) 

130 (pulsed) 
430 (CW) [84] 

2016 Si (001) 
4°offcut MBE 1.32 105 

(CW) 
75 (CW) 

120 (pulsed) 
62.5 
(CW) [23] 

2017 GaP/Si 
(001) MOVPE+MBE 1.28 110 

(CW) 90 (CW) 860 (CW) [123] 

2017 
V-

grooved 
Si (001) 

MOCVD+MBE 1.25 84 
(CW) 80 (CW) 500 (CW) [124] 

2017 GaAs/Si 
(001) MOCVD+MBE 1.29 

43 
(CW) 

134 
(pulsed) 

36 (CW) 

102 (pulsed) 
425 (CW) [64] 

2018 GaP/Si 
(001) MOVPE+MBE 1.30 185 

(CW) 85 (CW) 198 (CW) [125] 

2018 Si (001) MBE 1.25 >30 
(pulsed) 70 (pulsed) 320 

(pulsed) [126] 

2019 Si (001) MOCVD+MBE 1.3 48 
(CW) 52 (CW) 160 (CW) [127] 

2019 Si (001) MBE 1.22 ~33 
(CW) 101 (CW) 370 (CW) [128] 

Note. RT is room temperature. 
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1.5. Objectives and Outline 

The principal objective of this PhD project is to develop high-performance 

InAs/GaAs QD laser devices that are suitable as on-chip sources for Si-based 

PICs. The work contained within this thesis is grouped into discrete chapters, 

which are summarised below. 

Chapter 1 is an introductory chapter where the motivation behind developing 

high-performance InAs/GaAs QD lasers on Si substrates for Si-based PICs is 

introduced. The challenges facing heteroepitaxy of III-V materials on Si 

substrates, along with commonly adopted strategies, are also described before a 

short review of semiconductor lasers grown on Si substrates. 

Chapter 2 presents the essential experimental instruments used during the study, 

especially the novel twin-MBE system that consists of a Group IV reactor and an 

III-V reactor. The operations of material-quality characterisation tools are 

described, including X-ray diffraction (XRD), AFM, PL, TEM and SEM. 

Chapter 3 introduces the monolithic growth of high-performance InAs/GaAs QD 

laser devices on optimised offcut Ge/Si VSs, with overall laser structure thickness 

close to the cracking threshold. The optimisation of thin Ge buffer layers in terms 

of annealing, thickness and doping is described first. Based on the optimised 

Ge/Si VS, an all-MBE grown InAs/GaAs QD laser device has been realised with 

high operating temperature. 

Chapter 4 demonstrates InAs/GaAs QD lasers grown on CMOS-compatible Si 

(001) substrates. The monolithic epitaxy of APB-free GaAs on Si (001) substrates 

is investigated. With the help of an optimised Si buffer layer with parallel Si S 

steps, APB nucleation is formed with an ordered distribution. Various growth 

methods are implemented in the following GaAs layer to reconfigure the APB 

propagation planes and promote APB self-annihilation. The high-performance 

InAs/GaAs QD laser grown on Si (001) is achieved afterwards by leveraging this 

APB-free template. 

Chapter 5 presents further studies related to APB nucleation, propagation and 

interaction with other types of defects, such as TDs. The impact of using low-

temperature Al0.4Ga0.6As and GaAs NL on APBs reduction is first compared and 
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studied. This chapter also discusses how the orientation-dependent diffusion 

length of Ga adatoms and the optimised growth temperature contribute to 

successful APB self-annihilation in the GaAs buffer layer. Finally, the study 

related to the interaction between APBs and TDs is included. The impact of 

ordered APBs on TDD reduction have been tested and discussed. 

Chapter 6 summarises the work done in this thesis and outlines future work to 

further enhance the performance of InAs/GaAs QD laser devices. 
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This chapter outlines the experimental methods implemented in this thesis. A 

comprehensive introduction of the Veeco GEN930 solid source molecular beam 

epitaxy (MBE) system is presented in the first section. All the experimental 

devices shown in this thesis are grown by a specially designed twin-MBE system. 

Besides, the detailed operations of the MBE system, including sample 

preparation, calibration and growth, are also introduced. 

High-resolution atomic force microscopy (AFM), X-ray diffraction (XRD), 

photoluminescence (PL), transmission electron microscopy (TEM) and scanning 

electron microscopy (SEM) measurements are implemented to test surface 

morphology and crystallographic properties of the grown samples. Descriptions 

of these methods are included in the following sections. 
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2.1. Molecular Beam Epitaxy  

The MBE is an epitaxy method where the atoms are beamed from high purity 

(99.99999%) material sources contained in effusion cells onto a crystalline 

surface, forming high-quality epitaxial layers [1, 2]. The molecular beam epitaxy 

occurs in an ultra-high vacuum (UHV) environment (10-11 Torr), which promises 

extremely low contamination levels and large mean free path for source materials. 

The UHV environment is maintained by powerful pumps, such as the cryopump 

and the ion pump. The MBE system exhibits several unique features: 1) MBE 

enables a low growth rate of epi-layers of < 1 monolayer per second (MLs-1), 

leading to accurate control of growth parameters, e.g. thickness, doping level and 

material composition, 2) MBE offers ultra-high material quality, especially for the 

Al-containing III-V materials [3]. The MBE systems used in our cleanroom are 

Vecco Gen 930 solid source MBE systems. 

2.1.1. Twin-MBE system 

In this thesis, a twin-MBE system is utilised for the material growth, which consists 

of a group IV and an III-V growth chamber for the epitaxy of group IV and III-V 

materials, respectively. The group IV MBE growth chamber allows Si substrates 

to be heated up to ~1200 °C to perform in situ surface cleaning and preparation, 

such as deoxidisation. Besides, an extremely pure and clean Si surface can be 

obtained by depositing Si atoms onto the Si substrate to cover any residue 

contaminants before transferring the Si substrate to the III-V chamber for 

subsequent III-V epitaxy. A UHV (10-10 Torr) transfer chamber is used to connect 

both MBE systems, avoiding potential contamination during the wafer transfer 

process.  

The twin-MBE chamber placed in the cleanroom is shown in Figure 2.1. It should 

be mentioned that such a twin MBE system with III-V and group IV chambers is 

rare worldwide and unique in the UK. This twin-MBE chamber offers monolithic 

growth of III-V materials on Si substrates with ultra-high material quality. 

In general, a Vecco Gen 930 MBE system consists of three main chambers: the 

load-lock (LL) chamber, the UHV preparation chamber and the UHV growth 

chamber. The UHV gate valves are used to isolate interconnected chambers. 
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Figure 2.1 The twin-MBE system placed in the cleanroom. 

 

2.1.2. Load-lock Chamber 

The load-lock (LL) chamber enables the user to load wafers and unload grown 

samples from the system without affecting the vacuum level of other chambers. 

The vacuum isolation is provided by a valve between LL and preparation 

chambers. Up to twelve 3-inch wafers can be loaded on a trolley and move to LL 

simultaneously. After loading a new wafer and evacuating the chamber to a high 

vacuum level of 10-8 Torr by turbo and scroll pumps, a preliminary outgas is 

carried out when internal quartz lamps heat the chamber to 150-200 °C for around 

12 hours. The outgas process effectively removes contaminants that may enter 

other UHV chambers during the exposure of LL to the atmosphere when loading 

new wafers to the system, including water vapour and oxygen [4]. 
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2.1.3. Preparation Chamber  

The preparation chamber provides a UHV zone (10-10 Torr) between the LL 

chamber and the growth chamber, preventing contaminants in the LL from 

entering directly into the growth chamber. A powerful ion pump maintains the UHV 

vacuum level in the preparation chamber. 

After the baking process in LL and the recovery of the vacuum to UHV, the wafer 

will then be transferred to the preparation chamber. Within this chamber, a 

heating station is implemented to degas the Si substrate up to 600 °C to remove 

residual water vapour, hydrocarbon and substrate oxide, providing a clean 

sample surface before the growth. Also, the preparation chamber is used to store 

wafers before/after growth and maintain them in the UHV environment to avoid 

contaminations being accumulated on the surface. 

2.1.4. Growth Chamber 

After all the preparation work, the wafer will be transferred into the most crucial 

chamber in the MBE system, i.e. the growth chamber, where the material epitaxy 

occurs afterwards. The vacuum level in the growth chamber is kept at ~10-11 Torr, 

maintained by a cryopump and an ion pump. A schematic diagram of the MBE 

growth chamber is shown in Figure 2.2. The growth chamber consists of effusion 

cells, a liquid-nitrogen cooled cryo-panel, a continuous azimuthal rotation (CAR) 

sample stage, a reflective high-energy electron diffraction (RHEED) system and 

a residual gas analysis (RGA) probe.  

Effusion Cells 

The effusion cells act as high-temperature furnaces for high purity materials 

contained in crucibles made by pyrolytic boron nitride (PBN). Once the 

evaporation point of materials is exceeded inside effusion cells, the molecular 

beams with high thermal energy are formed and deposited on the wafer surface 

for material growth. The flux rate is controlled by the temperature applied to the 

crucibles. The on/off of flux is monitored by the shutter blade placed in front of 

each effusion cells.  
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Group IV MBE system is equipped with two Ge sources, one Si SUSI source and 

one Sn source; And the two doping cells are filled with Sb (n-type doping) and B 

(p-type doping). Underneath the growth chamber, a unique e-beam system is 

attached to provide a high flux rate Si. Once an 8 kV acceleration voltage is 

applied, intense electron beams with high enough kinetic energy strike the pure 

Si source and melt it; A high flux-rate Si will then evaporate to the substrate for 

further growth.  

While for the III-V MBE system, the source materials such as Al, Ga, In, P, As and 

Sb, and two doping materials, including Si (n-type doping) and Be (p-type doping), 

are loaded. For effusion cells that contain group V materials, a high-temperature 

zone called “cracker” for cracking of vapour molecules to more reactive species, 

e.g. As4 is cracked into As2.  

Phosphorus Recovery System  

In the III-V MBE system, the presence of phosphorus within the chamber after 

the growth is undesired. The phosphorus will destroy the Si substrate surface 

during the growth. Besides, phosphorus reacts rapidly with air and causes fire 

when the MBE system is exposed to the atmosphere during maintenance. A 

phosphorus recovery system is attached to vent residual phosphorus within the 

III-V growth chamber. 

 

 

Figure 2.2 Schematic diagram of solid source MBE growth chamber [5]. 
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Continuous Azimuthal Rotation  

The substrate holder is controlled by a continuous azimuthal rotation (CAR) for 

position change on two axes, as shown in Figure 2.3. The CAR can rotate 

clockwise or anticlockwise to achieve a more uniform deposition of material on 

the wafers. Also, the substrate holder can rotate to different positions within the 

chamber for a specific purpose, e.g. 0° for the material growth, 90° for 

loading/unloading wafers and 180° for measuring the flux. Behind the substrate 

heater, an ion gauge is used as a beam flux monitor (BFM) to calibrate the flux 

rate of specific material at that substrate position. 

 

 

Figure 2.3 CAR used in the MBE system. 

 

Reflection High-energy Electron Diffraction  

Reflection high-energy electron diffraction (RHEED) is the primary in situ method 

to monitor the morphology of both the substrate and the growing films. When a 

high-energy electron beam emitted from the electron gun strikes the sample 

surface, it is diffracted along the crystal surface. The diffracted beams will then 

be collected on a phosphorescent screen, providing visible patterns that 

demonstrate the crystalline information of the growing films. The intensity 

oscillation of RHEED relates to the variation of surface roughness during the 

growth. According to the RHEED, streaky patterns are observed when the 

surface is smooth. By contrast, spotty patterns illustrate a rough surface where 
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3-dimensional (3D) islands are formed. The RHEED images of both cases are 

shown in Figure 2.4. During the epitaxy process, the growth time for one ML can 

be determined by the RHEED oscillation period. As shown in Figure 2.5, when 

the growth of an ML starts, the formation of nucleation islands results in a 

decrease in RHEED intensity, which reaches the minimum when the surface 

coverage is 50 %. When growth continues, the nucleation islands coalesce and 

eventually form a fully covered surface where the RHEED reaches its maximum. 

Hence, the growth time of one ML is determined by one oscillation period of 

RHEED intensity. 

 

 

Figure 2.4 RHEED patterns showing (a) a smooth 2D layer and (b) a 3D structure 

grown on Si substrate. 

 

 

Figure 2.5 Formation of a ML relating to the RHEED intensity oscillation where q 

represents the fraction layer coverage [6]. 
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UHV Pumps 

The UHV of ~10-11 Torr is maintained in the growth chamber, attributing to the 

combination of two powerful pumps: a cryopump and an ion pump. The cryopump 

is a closed-loop refrigerator in which a cold head and a helium compressor are 

connected by helium-filled connecting lines [4]. The cryopump depends on the 

flow of helium to cool down the system to 15 K to efficiently pump out water 

vapour, oxygen, nitrogen, hydrogen, helium and argon. Regeneration of the 

cryopump is necessary once the trapped gas saturates the internal cold arrays 

and lower the pumping efficiency. This process helps eliminate the trapped gases 

while the cryopump is warmed to ambient temperature during maintenance.  

The ion pump is a sputter-ion pump containing an anode and two cathodes 

placed closely within a large magnetic field. A high potential of 5 kV is applied 

between anode and cathodes, forcing electrons to circulate within a circular orbit 

and collide with the gas molecular; the ionised particles are formed as a result. 

These ions will be accelerated and impact the pump surface, sputtering away 

surface material and produce extra electrons to continue the process. The ion 

pump is adequate to pump out less active gas species such as nitrogen and 

hydrogen. 

2.1.5. MBE Operation 

Sample Preparation 

Once a Si substrate is loaded onto the trolley and put inside the LL chamber, it is 

initially degassed at 200 °C for 12 hours. The Si substrate is then transferred into 

the preparation chamber. It is further degassed at 600 °C on the heating station 

for 1 hour to remove residual water vapour, hydrocarbon and substrate oxide, 

providing a cleaner sample surface before the epitaxy growth. Finally, the Si 

substrate is transferred to the group IV MBE growth chamber for deoxidation. The 

substrate is heated up to 1200 °C for 30 min to remove all substrate oxides from 

the surface.  

RHEED is implemented to determine the progress of the deoxidation process. 

Once all oxides are removed, the sharp patterns representing smooth Si surface 

will be observed in RHEED, similar to that shown in Figure 2.4 (a). 



Chapter 2 Methodology 

83 

 

Calibration 

The calibration is one of the most critical steps before epitaxy growth. Both growth 

temperature and growth rate will be calibrated to precisely control the epitaxial 

growth and ensure the results are repeatable.  

A thermocouple and a pyrometer measure the temperature of the substrate. 

Pyrometer, which provides the substrate temperature information by analysing 

the wavelength of received infrared radiation, is an accurate indicator to 

determine the substrate temperature. During each growth step, the substrate 

temperature is recorded and compared with the previous results to achieve the 

optimised growth condition. 

During calibration of the growth rate, the substrate holder is rotated by 180° so 

that the ion gauge can directly face the effusion cell and calibrate the flux rate of 

specific material at that substrate position. The actual flux rate of the material is 

determined by the difference between the measured and the background flux rate. 

The temperature of the effusion cells is adjusted to obtain the required flux rate 

of each material to control the growth rate. 

Molly Control Software 

The Molly software automates the growth of the desired epitaxial structures by 

executing the pre-programmed growth recipe. It provides a user interface to 

manually control the parameters of the MBE machine, including the temperature 

of the effusion cells and the substrate, the position of shutters and the rotation of 

substrates. Also, Molly software enables the user to monitor the progress of the 

epitaxial growth and pause or abort the growth if necessary. 

2.1.6. MBE Growth Modes 

In MBE growth, the growth modes are classified into three main categories: 

Franck-Van der Merwe (FM), Volmer-Weber (VW) and Stranski-Krastanov (SK) 

modes. As illustrated in Figure 2.6, the FM growth mode represents 2-

dimensional layer-by-layer growth, which usually happens during homoepitaxial 

growth and produces a smooth film surface. In contrast, VW growth mode 

corresponds to the island-by-island growth in which the adatom prefer to attach 

to the previously deposited adatom and form larger islands. VW can be used to 
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produce quantum dots (QDs). Nevertheless, the non-uniform size distribution of 

QD formed by VW growth mode is highly unfavourable.  

The SK growth mode corresponds to the layer-by-island growth, an intermediary 

process between 2D layer growth and 3D island growth. When a 2D film layer is 

deposited on a lattice-mismatched substrate, the strain is gradually built up in the 

first few MLs of the epi-layer and form the so-called wetting layer. Once the 

thickness of the wetting layer is beyond a critical point (1.5 ML for InAs QD), the 

atoms tend to bump up and form 3D island structures due to strain relaxation. 

The SK growth mode is commonly adopted to grow self-assembled QD structures 

with high density and high uniformity. The size of QD depends on the growth 

parameters, including growth temperature, growth rate and growth interruption, 

etc. The emission wavelength of QDs can be adjusted by varying the size of these 

QDs. Besides, the density of QDs is modified for different purposes, e.g. high-

density QDs used for laser devices and low-density QDs for single-photon 

emitters.  

The RHEED monitors the growth of QDs in the MBE system. During the growth 

of the wetting layer, steaky patterns appear, representing a smooth film surface. 

Once the thickness of the wetting layer exceeds the critical thickness, the QDs 

are formed due to the relaxation of accumulated strain. Therefore, a transition 

from steaky to spotty patterns is observed in RHEED. The deviation between the 

present and optimal growth conditions is determined based on the shape of spotty 

patterns and the time when the transition occurs. A necessary adjustment of 

growth conditions can be made simultaneously during the growth to obtain a 

better quality of QDs. 
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Figure 2.6 Illustration of three MBE growth modes: Franck-Van der Merwe (FM), 

Volmer-Weber (VW) and Stranski-Krastanov (SK). 

 

2.2. Atomic Force Microscope 

Atomic Force Microscope (AFM) is used to test the surface morphology of the 

grown samples, such as surface roughness and height. AFM contains a 

cantilever with a sharp tip located in the end, as shown in Figure 2.7. When the 

tip approaches the sample surface, the force between the tip and the surface 

deflects the cantilever. The photodiode detector will thus detect the change of 

reflection of the laser that shines on the cantilever. A feedback loop measures the 

changes and maintains the deflection of the cantilever (contact mode)/oscillation 

amplitude of the tip (non-contact mode) by changing the tip position.  

AFM has two scanning modes: contact mode and non-contact mode. During the 

contact mode, the tip brushes the surface when the cantilever moves horizontally. 

Both the tips and sample surface may be damaged during this mode, which is 

unfavourable. As for the tapping mode, the tip vibrates vertically around its 

resonant frequency. The oscillation amplitude of the tip is slightly reduced when 

the tip taps the surface due to dissipating energy. The feedback loop forces the 

tip to maintain its oscillation amplitude by varying the distance between the tip 

and surface. Such variation of distance will then be recorded by software to 

reconstruct the sample surface. By implementing the analysis tool specially 
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designed for AFM measurements, i.e. NanoScope Analysis, the surface 

morphology of grown QDs can be determined, as shown in Figure 2.8, a QD 

density of 4.5 × 1010 cm2 is obtained. For an InAs/GaAs QD, the typical diameter 

and height are ~20 nm and ~8 nm, respectively.  

   

 

 Figure 2.7 Schematic diagram of AFM operation. 

  

 

Figure 2.8 (a) 2D and (b) 3D 1 × 1 µm2 AFM image of grown InAs/GaAs QDs on 

Si substrate. The QD has a density of 4.5 × 1010 cm-2, and the typical diameter 

and height of a QD are ~20 nm and ~8 nm, respectively. 
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2.3. X-ray Diffraction 

X-ray Diffraction (XRD) is a commonly used tool to test the crystalline structure 

of the grown samples. Once the X-rays interact with the crystal, which consists 

of periodic arrays of atoms, they are scattered by the atoms, as shown in Figure 

2.9, where q represents the incident and reflected angles and d is the spacing 

between two planes. Constructive interference of the scattered beams (diffraction) 

happens at a specific incident angle that is determined by Bragg’s law 

2𝑑𝑠𝑖𝑛	(q) = 	𝑛l																																																										(2.1) 

in which n is the integer and l is the wavelength of X-ray. 

Crystallographic information such as lattice parameters can thus be extracted 

from the peaks of the diffracted beams. Further information, including material 

composition, strain relaxation and periodic structure thickness, could also be 

obtained by analysing those results. The lattice constant of grown materials can 

be extracted from the peaks shown in the XRD diagram. Therefore, the 

composition of relaxed binary or ternary alloy thus can be determined. If the 

composition of a grown sample is known, the degree of relaxation is deduced by 

comparing the original and measured lattice constant.  

 

 

Figure 2.9 Schematic diagram of Bragg’s law. 
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2.4. Photoluminescence  

Photoluminescence (PL) is a non-destructive way to measure the optical 

properties of the grown samples. PL is a re-emission process of semiconductor 

material by absorption of incident photons provided by an external laser source. 

When laser beams with photon energy higher than the material bandgap shine 

on the sample surface, i.e.  

ℎ𝑣k 	> 	𝐸m																																																																		(2.2) 

where h is the Plank constant, 𝑣k is the wave frequency of incident light, and Eg 

is the bandgap energy of the material, electrons are excited from the valence 

band to the conduction band with a high energy state with holes left in the 

conduction band. The relaxation of electrons and holes will soon happen as they 

lose energy dramatically through the emission of phonons. The schematic 

diagram of this cascade transition is shown in Figure 2.10. Since the relaxation 

time of electrons is rapid as ~10-13 s, which is significantly faster than the radiative 

recombination time ( ~10-9 s), the electrons and holes have sufficient time to relax 

to the bottom of their bands before emitting photons with energy of 

ℎ𝑣 = 	𝐸m																																																																						(2.3) 

through electron-hole recombination [7].  

 

 

Figure 2.10 Schematic diagram of PL process for a direct-bandgap material [7].  
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The PL instruments consist of an external laser source, two focusing lenses, a 

monochromator and a photodetector. During the PL measurement, the sample is 

mounted on a thermal copper pad within a cryostat; and a temperature controller 

can control the sample temperature, varying from 10 K to 320 K. A 532 nm green 

laser is used to excite the PL sample, as shown in Figure 2.11. The re-emitted 

photons from the PL sample are concentrated and decomposed by the lenses 

and monochromator before entering a photodetector. Two types of 

photodetectors, Si and Ge, are implemented to cover the measurement range 

from visible light to around 1500 nm. The signals from the photodetector are 

transmitted to a lock-in amplifier and finally received by a computer, where a PL 

spectrum will be plotted. Since the photodetector characterises the relative PL 

intensity, the arbitrary unit (a.u.) is commonly used for PL measurements. 

From the PL spectrum, the bandgap of the measured material can be determined 

by the ground state (GS) peak wavelength. Besides, the peak intensity of PL 

measurements provides a rough idea about the crystal quality of the measured 

sample. Since defects lead to non-radiative recombination, under the same 

measurement condition, the highest PL intensity is always observed from that 

with the best crystal quality for the same material. Besides, information such as 

GS full-wavelength-at-half-maximum (FWHM), energy separation between GS 

and excited state (ES) are also presented in the PL spectrum, as shown in Figure 

2.12. The FWHM of GS tests the inhomogeneous boarding of QDs. A narrow 

FWHM is desired as it indicates high uniformity of grown QDs.     
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Figure 2.11 PL measurement in operation, the laser source used in the laboratory 

is a 532 nm green light laser.   

 

 

Figure 2.12 Room-temperature PL spectrum for InAs QD sample grown on Si 

substrate. 

 

2.5. Transmission Electron Microscope 

The transmission electron microscope (TEM) is a microscope technology that 

implements the interaction of electrons and samples to form an image. The TEM 

system is evacuated to a high vacuum of 10-8 Torr during operation to increase 



Chapter 2 Methodology 

91 

 

the mean free path of electrons and avoid arc when high voltage is applied to 

form electron beams. A schematic diagram of the TEM is shown in Figure 2.13. 

The electron gun emits the primary electron beams. These beams are converged 

when they pass through a condenser lens and form parallel beams, which will 

then transmit through the specimen and interact with the atoms. The image 

formed during this interaction will then be focused by an objective lens onto a 

detector, i.e. a fluorescent screen.  

 

 

 

Figure 2.13 Schematic diagram of TEM. 

 

There are two standard modes in TEM for imaging: bright-field (BF) and dark-

field (DF). After the interaction of electrons with the specimen, two types of 

electrons exist: 1) scattered electrons (the trajectories of electrons are changed 

during the interaction) and 2) un-scattered electrons (the electrons do not have 

much deflection). As for BF TEM, the image construction relies on un-scattered 

electrons while scattered electrons are blocked. BF TEM is beneficial for 

analysing threading dislocation (TD) propagation. On the contrary, DF is the 
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reverse of BF; only scattered electrons are imaged. Thus, DF TEM measurement 

is more sensitive to the point defects that appear at the interface and impact the 

crystal lattice, such as misfit dislocations (MDs).   

TEM is a powerful method to determine crystal quality. Unlike AFM, which only 

provide the sample surface morphology, TEM visualises the crystallographic 

information of grown sample and allows direct analysis of 1) defects such as TDs, 

antiphase boundaries (APBs), 2) grown structures including QD, quantum well 

(QW) and dislocation filter layers (DFLs), and 3) the interface between materials. 

Figure 2.14 shows the (a) BF and (b) DF cross-sectional TEM images of three-

set high-quality InGaAs/GaAs DFLs grown on Si substrate. In this thesis, TEM 

images are measured by our collaborators from the University of Warwick and 

Beijing University of Technology, as mentioned in the Acknowledgements. 

  

 

Figure 2.14 (a) DF and (b) BF cross-sectional TEM images of three sets of 

InGaAs/GaAs DFLs grown on Si substrates. 

 

2.6. Scanning Electron Microscope 

The Scanning electron microscope (SEM) is a microscope technology that 

implements the focused electrons to scan the sample surface. The interaction of 

electrons and sample is detected to form an image of the sample surface. 



Chapter 2 Methodology 

93 

 

Compared with TEM, SEM has several advantages: less cost, faster imaging, 

and simpler sample preparation. The schematic diagram of the SEM is shown in 

Figure 2.15. Primary electron beams, which are emitted by an electron gun, pass 

through the combination of lens and coils and interact with the atoms of the 

specimen. As a result, various signals are obtained, such as the backscattered 

electrons (BSEs) and secondary electrons (SEs), which are detected by specific 

detectors to create images [8]. BSEs originate from the reflection or scattering of 

electrons with a high energy level. Since BSEs of the atom with a large atomic 

number is stronger than those with a small atomic number, they appear brighter 

in the image. Thus, BSEs are used to determine the contrast of the specimen 

area with different compositions. By contrast, SEs are generated from the 

inelastic collision between specimen and primary electrons and contain very low 

energy emitted from a very shallow layer below the surface (~1 nm) [9]. The 

brightness of the signal depends on the amount of detected SEs, which relates 

to the topography of the scanning surface. Hence, the image showing the three-

dimensional surface of the specimen is reconstructed based on these signals.  

In this thesis, a diffraction technique of SEM called electron channelling contrast 

imaging (ECCI) is performed to determine the threading dislocation density (TDD) 

of grown samples. Figure 2.16 shows an ECCI image where a TDD of 1.1×109 

cm-2 is presented on the Ge-on-Si surface. The ECCI measurements are provided 

by our collaborators from the University of Warwick. 
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Figure 2.15 Schematic diagram of SEM. 

 

 

Figure 2.16 ECCI image showing TDD level of Ge grown on a Si substrate. 
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2.7. Device Fabrication  

After obtaining the high-quality materials, the fabrication process is necessary to 

create a functional board-area Si-based laser device. All fabrication work 

included in this thesis is performed by Mr Zizhuo Liu and Miss Ying Lu in the 

London Centre of Nanotechnology (LCN). The laser measurements are delivered 

by Miss Ying Lu and Miss Shujie Pan.  

The general fabrication processes are described as follows: 

1. Sample cleaving and cleaning  

2. Photolithography for etching 

3. Metallisation to form N- and P- contact 

4. Substrate lapping to reduce substrate thickness 

5. Laser bar cleaving 

6. Mounting the laser devices on the heat sink 

7. Wire bonding 

2.7.1. Sample Cleaning 

The appearance of contamination is detrimental to the fabrications. Therefore, 

sample cleaning is crucial to ensure the high yield and reproducibility of laser 

devices. The sample will be dipped inside acetone and then isopropyl alcohol 

(IPA), followed by ultrasonic bath cleaning. Each step is performed for 5 min to 

remove organic and ionic particles efficiently. The IPA is employed after acetone 

as it will dissolve acetone to make sure no acetone is left on the sample surface. 

The cleaning process is repeated until no contaminant is observed by using a 

microscope.  

2.7.2. Photolithography  

Photolithography is implemented to define patterns on the samples. The light-

sensitive photoresist is deposited on the dry and clean sample surface by using 

spin-coating, and the spin speed determines the thickness of the photoresist. A 

soft bake at 150 °C for 60 s is performed afterwards to increase the adhesion of 
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the photoresist. There are two types of photoresists: positive and negative 

photoresist. When exposed to ultraviolet (UV) light, the positive photoresist will 

become more soluble in the developer. On the contrary, the negative photoresist 

becomes polymerised when exposed to UV light. In this work, the positive 

photoresist is utilised. The wafer with a positive photoresist is selectively exposed 

to the UV light through a photomask, and the geometry pattern is then transferred 

from the photomask to the sample surface. The exposed photoresist will later be 

removed by a developer to allow processing in this area. An additional layer of 

lift-off resist is inserted under the photoresist during the metallisation process to 

form an undercut, allowing the solvent to remove the resist after depositing the 

metal.  

2.7.3. Etching 

The etching process removes the material that is uncovered with a photoresist. 

There are two types of etching methods available: dry etching and wet etching. 

The wet etching uses liquid etchant to remove the material. By contrast, dry 

etching uses plasma etchant, which requires a more expensive facility and 

complicated operation. During the etch process, a stable etching rate is desired. 

As for the GaAs/AlGaAs based material system, the solvent used is 

H2SO4:H2O2:H2O = 1:10:80.   

2.7.4. Metallisation 

To achieve a high-performance laser, the formation of ohmic contact with low 

resistance on the heavily n-type and p-type doped layer (doping level of >1018 

cm-3) is crucial. During the laser device fabrication, Ti/Pt/Au is deposited on the 

p+ GaAs contact layer to form the p-metal contact by the sputtering system. The 

Ni/GeAu/Ni/Au is deposited on the exposed heavily n-type doped GaAs buffer 

layer to form the n-metal contact. 

2.7.5. Cleaving 

The cleaving process is crucial as it determines the quality of facets, which 

significantly affect the laser threshold current density and output power. In this 
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thesis, the laser bar is cleaved into the desired cavity length of 3 mm. The laser 

will leave as-cleaved after this process. 

2.7.6. Laser Measurements 

After the fabrication processes, laser measurements are performed to test the 

performance of lasers. Among all measurements, the output power and output 

voltage verse injection current are the most crucial. Light-Current-Voltage (LIV) 

delivers essential information such as threshold current density, slop efficiency 

and serial resistance. Besides, since the robust temperature performance of a 

laser device is desired to support its work in an extreme working environment, 

achievements of high-temperature lasing and high-temperature stability (large T0) 

are essential. T0 is deducted by comparing the threshold current density at 

different temperatures from the L-I curve. During the measurement, the wire-

bonded laser is placed in a heat sink, in which the temperature is monitored by 

thermoelectric cooling with a temperature range up to 130 °C. Two probes 

connect both n- and p- contact on the laser device to conduct current. Two types 

of measurement modes are available: pulsed mode and continuous-wave (CW) 

mode. In this thesis, for a laser under pulsed operation, the pulse width of 1 µs 

and 1% duty cycle were used. 
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Chapter 3                          
InAs/GaAs QD Lasers Grown on 
Ge/Si Virtual Substrates  
 

 

 

 

 

 

 

3.1. Introduction 

A monolithic, high-performance III-V quantum-dot (QD) laser grown on Si 

substrate is one of the most promising candidates for realising commercially 

viable Si-based lasers. Heteroepitaxy growth of III-V materials on Si substrate 

demands the implementation of a thick GaAs buffer layer (> 2.5 µm) to suppress 

the crystalline defects such as threading dislocations (TDs) and antiphase 

boundaries (APBs). For example, a thick GaAs buffer layer allows the use of an 

adequate number of dislocation filter layers (DFLs) to sufficiently reduce the TD 
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density (TDD) from ~1010 cm-2 to ~106 cm-2 before TDs propagating into the active 

region [1, 2]. However, implementing thick GaAs buffer layers increases the laser 

structure thickness to beyond the cracking threshold. Consequently, micro-cracks 

in III-V epi-layers are formed, dramatically reducing the yield and throughput of 

Si-based laser devices. By contrast, Ge-on-Si acts as a virtual substrate (VS) and 

bridges the lattice-constant gap between Si and GaAs, owing to very close lattice 

constant and thermal expansion coefficient between Ge and GaAs [3]. Inserting 

a thin Ge buffer layer between GaAs and the Si substrate contributes to a low 

defect density in the buffer layer. This chapter demonstrates the use of a thin and 

low-TDD Ge buffer layer to replace part of the thick GaAs buffer layer on Si 

substrate. Therefore, the overall thickness of the laser structure is reduced to 

near the cracking threshold (5 µm) while maintaining the low defect density in III-

V layers.  

Developing InAs/GaAs QD laser devices grown on Ge/Si VSs have been 

intensively studied [3, 4]. However, the high-quality Ge/Si VSs used were 

manufactured by metalorganic vapour-phase epitaxy (MOCVD) and then 

transferred into a molecular beam epitaxy (MBE) system for further QD laser 

structure epitaxy. MBE has unique advantages in growing high-quality AlGaAs 

cladding layers at a low growth temperature for QD-based laser devices. Such 

low growth temperature is favourable for avoiding the intermix of QD with 

surroundings during the growth of the thick top AlGaAs cladding layer (1.3 µm). 

Besides, using both MOCVD and MBE complicates the growth process of high-

performance InAs/GaAs QD laser on Ge/Si VS and increases manufacturing 

costs. Therefore, an all-MBE grown InAs QD laser on Ge/Si VS is highly desired.  

In this chapter, an all-MBE grown InAs/GaAs QD laser on a Ge/Si VS was 

demonstrated via the twin MBE system [5]. The Ge buffer layer was deposited on 

a Si substrate in the group-IV chamber before transferring to the III-V chamber 

for the III-V epitaxy. An ultra-high-vacuum transfer chamber with a vacuum level 

of 10-10 Torr between these two chambers is used to avoid potential contamination 

during the wafer transfer process and keep a pure and smooth Ge epi-surface 

before III-V materials growth.  

In the following sections, the optimisation of thin Ge buffer layers in terms of 

annealing methods, thickness and doping to obtain low TDD is first described. 
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Based on the optimised Ge/Si VS, high-quality InAs/GaAs QDs are grown and 

optimised to achieve high-density and high uniformity. Finally, an electrically 

pumped InAs/GaAs QD laser device is fabricated with ultra-high temperature 

performance. 

3.2. Introduction to Ge Buffer Layers 

Ge-on-Si acting as virtual substrate (VS) provides a practical and low-cost 

solution for integrating high-efficient Group III-V laser structures on Si substrates 

with low defects. Since Ge (5.658 Å) and GaAs (5.653 Å) have almost identical 

lattice constants, only a few TDs are formed in the subsequent growth of GaAs 

on the Ge/Si VS. Therefore, the optimisation of Ge layers, which determines the 

density of TDs in the buffer layer, is considered as the most critical part of this 

project.  

Due to a relatively large lattice mismatch (4.18 %) between Ge and Si, the 

formation of strain-relieving dislocations is inevitable. Several growth techniques 

have been proposed in the past decades to minimise the density of TDs. Step-

graded GexSi1-x with composition x from 0 to 0.5 was implemented to reduce TDD 

efficiently [6]. Combining this method with the antimony (Sb) surfactant mediation 

technique, a relaxed 5 µm Ge film with TDD of 5.4x105 cm-2 and surface 

roughness of 3.5 nm was demonstrated [7]. However, this ultra-thick buffer layer 

led to the formation of micro-cracks, which dramatically reduced the yield of 

devices. A two-step growth technique with cyclic annealing was proposed by 

Hsin-Chiao Luan et al. as an alternative to growing Ge buffer with a relatively low 

density of TDs. By using 10-round cycle annealing between 900 °C (10 min) and 

780 °C (10 min), a 1 µm Ge layer with a TDD of 2.3x107 cm-2 was finally obtained 

[8]. Other strategies, such as utilising arsenic-doped Ge seed layer [9] or inserting 

a temperature graded layer between the LT and HT Ge layers [10], have been 

adopted to enhance the motion of TDs and obtain higher quality Ge buffer with a 

lower TDD. 
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3.3. Optimisation of Thin Ge Buffer Layers 

In this project, n-type Si offcut substrates with 4º oriented toward <110> were used 

to prevent the formation of APBs. The electron channelling contrast imaging 

(ECCI) and cross-sectional transmission electron microscope (TEM) 

measurements were utilised to examine the crystal quality of grown samples. 

Both ECCI and TEM measurements in this Chapter, were performed by our 

collaborators from the University of Warwick, as highlighted in the 

Acknowledgements.  

3.3.1. Effects of Annealing 

In the first part of the study, the effects of annealing temperature are investigated. 

Four samples with a thickness of 270 nm Ge on Si were grown. The schematic 

structure diagram is shown in Figure 3.1. In the first step, a 30 nm low-

temperature (LT) grown Ge layer was deposited on Si substrates at 250 °C. Then 

substrate temperature increased to 500 °C, and another 180 nm mid-temperature 

(MT) Ge layer was grown, following by continuous in situ annealing for 30 min. 

The annealing temperatures for the four samples were 750, 800, 850 and 900°C, 

respectively. Finally, the substrate temperature was decreased to 600°C, and 

another 60 nm high-temperature (HT) Ge cap layer was grown on the top to 

smooth the surface.  

 

  

Figure 3.1 Schematic diagram of Ge buffer layers annealed at different 

temperatures. 

 

The 3-step growth method promised a high-quality thin Ge layer. The low growth 

temperature and low growth rate were adopted to ensure the high quality of the 



Chapter 3 InAs/GaAs QD Lasers Grown on Ge/Si Virtual Substrates 

103 

 

nucleation layer (NL). Consequently, the propagation of TDs arose from the Ge/Si 

interface was trapped in the LT layer, as shown in Figure 3.2 [11]. During the MT 

and HT Ge layer growth, the growth mode was layer-by-layer. A high growth 

temperature with a high growth rate promoted TD self-annihilation and provided 

high crystal quality [8].  

 

 

Figure 3.2 Cross-sectional TEM image of a thin Ge layer grown on Si substrate.  

 

The ECCI results of the grown samples are shown in Figure 3.3. A reduction of 

TDD has been observed for samples annealed at 850 and 900 °C, since high-

temperature annealing increases the mobility of TDs, thus increasing the 

possibility that TDs with opposite signs of the Burgers vector could meet and 

annihilate. When it refers to the surface roughness of the grown sample, as 

shown in Figure 3.4, the surface is slightly rougher when the annealing 

temperature increases from 750 to 850 °C as a result of the more relaxed Ge 

surface obtained after high-temperature annealing. It is also noticed that the 

surface roughness boosts when the annealing temperature reaches 900 °C. As 

the Ge buffer layer approaches its melting point (936 °C), the three-dimensional 

structure starts to appear on the surface, severely degrading the surface 

smoothness. Considering both the TDD and surface roughness of the grown 

samples, as summarised in Figure 3.5, it is concluded that 850 °C is the optimal 

annealing temperature for the growth of a high-quality thin Ge layer. 
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Figure 3.3 ECCI results of samples annealed at (a-d) 750, 800,850 and 900 °C, 

showing the density of TDs on the surface [12].  

 

 

Figure 3.4 5 ×	5 µm2 AFM images of the 270 nm-thick Ge buffer layers annealed 

at 750, 800, 850 and 900 °C [12]. 
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Figure 3.5 TDD and RMS of samples annealed at 750, 800, 850 and 900 °C [12]. 

 

The second part of the annealing study focuses on replacing the 30-min 

continuous annealing process with thermal cycle annealing (TCA), where five-

cycle anneals between a high temperature of 850 °C and a low temperature of 

450 °C were carried out with a 5-minute hold time applied at both temperatures. 

A comparison of TDD and root-mean-square (RMS) surface roughness between 

the continuous and cyclic annealing methods is shown in Figure 3.6. A further 

reduction in TDD is observed when cyclic annealing is implemented while the 

RMS surface roughness is almost the same. The enhancement of TD glide due 

to higher thermally induced stress obtained from TCA promotes TDs to annihilate 

with each other, and hence lower TDD is achieved [8, 13]. Based on these results, 

the TCA was adopted in the growth of all the following samples.  
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Figure 3.6 (a-b) ECCI image showing TDD and (c-d) AFM images (5 × 5 µm2) 

showing RMS surface roughness of samples with continuous annealing or TCA 

[12].  

 

3.3.2. Effects of Thickness 

The correlation between thickness and the TDD has been studied in this section. 

The primary purpose of this study is to achieve a low-TDD Ge buffer layer while 

keeping the thickness as thin as possible. Since TDD of the film as the function 

of film thickness follows the power law [14], there is a trade-off between Ge layer 

thickness and the TDD level. In this section, only the Ge layer thickness below 

500 nm is considered. 

The sample structures were kept the same, as shown in Figure 3.1, but the 

thickness of the HT Ge layer was increased, and the overall sample thickness 

reached 500 nm. The surface roughness and TDD were measured by AFM and 

ECCI, respectively, as shown in Figure 3.7. As expected, the value of RMS 

surface roughness of the 500 nm-thick buffer layer drops compared with the 270 
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nm-thick one. Also, a reduction in TDD from 6.1×108 cm-2 to 3.6×108 cm-2 is 

observed when the total thickness increases from 270 nm to 500 nm.  

 

 

Figure 3.7 Comparison of TDD (a-b) and RMS roughness (c-d) of 270 and 500 

nm thick Ge buffer layers [12]. 

 

Figure 3.8 (a) shows a typical GaAs buffer layer consisting of three sets of 

InGaAs/GaAs dislocation filter layers (DFLs) [2]. At position 2 (indicated with the 

red number), the bulk GaAs is approximately 1.4 µm thick, containing one set of 

DFL. The TDD level at this position is measured as 5.9 x 108 cm-2, which is similar 

to the 270-nm-thick Ge buffer layer. The whole structure could be reduced by 1 

µm without inducing more TDs if this part of GaAs is replaced by a thin Ge buffer 

layer. 
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Figure 3.8 (a) Typical GaAs buffer grown on Si with three sets of DFLs. (b) TDD 

levels of 270 nm and 500 nm Ge buffer layers and different positions of GaAs 

shown in (a). 

 

3.3.3. Effects of Doping 

The correlation between the velocities of TDs and the different types of doping 

has been reported previously [15, 16]. The last part of the study discusses the 

effects of both n-type (Sb) and p-type (B) doping on the surface roughness and 

TDD of Ge buffer layers. Two samples were grown with the structure same as 

500 nm-thick Ge sample, while LT Ge layers were in situ doped with 5×1018 cm-3 

B and Sb, respectively. As shown in Figure 3.9, Sb, which acts as the surface 

surfactant, provides a smoother surface for the Sb-doped Ge buffer layer than 

intrinsic and B-doped ones. The TD movement velocity is enhanced by the Sb 

dopant, which contributes to the self-annihilation of TDs with opposite Burgers 

vector sign. In contrast, no significant improvement of threading velocity is 

obtained when B is doped. Consequently, the TDD representing the B-doped Ge 

buffer layer is similar to the intrinsic one. 
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Figure 3.9 Comparison of RMS surface roughness and TDD of 500 nm intrinsic, 

B-doped and Sb-doped Ge buffer layers [12].  

 

3.4. InAs/GaAs QDs Grown on Ge/Si VSs 

Based on the Ge/Si VS, a dot-in-well (DWELL) structure has been grown, 

consisting of 7-layer QDs. The thin Ge buffer layers used in this section are based 

on the structure shown in Figure 3.1. An extra 30 nm were deposited on the top 

to smooth the surface further, and the total thickness of this thin Ge buffer layer 

reached 300 nm. The results showed in the following sections were initial results 

of developing InAs/GaAs QD lasers on Ge/Si VSs, where only intrinsic thin Ge 

buffer layers were utilised. 

Firstly, two samples were grown for comparison to understand the propagation of 

TDs in the GaAs buffer layer on a Ge/Si VS. One sample contained a 300-nm-

thick Ge/Si VS and a 350-nm-thick GaAs buffer before the deposition of DFLs. In 

contrast, the other sample only contained 650 nm GaAs in the buffer layer. Note 

that the growth conditions were identical for both samples during the growth of all 

subsequent layers. For the sample with the 300 nm Ge/Si VS, TCA was applied, 

which contained five-cycle anneals between a high temperature of 850 °C and a 

low temperature of 450 °C were carried out with a 5-minute hold time applied at 
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both temperatures. This approach helped to enhance the mobility of TDs and 

promoted their self-annihilation [12]. After the Ge/Si VS growth, the wafer was 

transferred from the group-IV reactor to the III-V reactor through an ultra-high 

vacuum (UHV) chamber for the further III-V epitaxy. A Ga pre-layer was then 

deposited on the Ge buffer layer, which was believed to provide better surface 

morphology than an As pre-layer and to form single-domain GaAs [17]. After the 

growth of 350 nm of GaAs in the buffer layer, four sets of DFLs were grown to 

suppress the propagation of TDs [18]. Each DFL consisted of five repetitions of 

In0.18Ga0.82As/GaAs SLS with a 300 nm GaAs spacer layer. In situ thermal 

annealing was carried out for each set of DFL to enhance the mobility of TDs and 

promoted TD annihilation. InAs/GaAs dot-in-well (DWELL) structure formed the 

active region where six-layer InAs/GaAs QDs separated by 42 nm GaAs spacer 

layers were grown [19]. Each layer of DWELL consisted of 2.7 monolayers of 

InAs QD grown on a 2 nm In0.18Ga0.82As layer and capped with a 4.5 nm of 

In0.18Ga0.82As. The active region was embedded by two 50 nm GaAs and 100 nm 

AlGaAs layers. On the top, an uncapped InAs/GaAs QD layer was grown to 

examine the density and uniformity of QDs. The schematic diagram of the 

InAs/GaAs QD structure grown on Ge/Si VS is shown in Figure 3.10. 

 

 

Figure 3.10 Schematic diagram of the InAs/GaAs QD structure grown on the 

Ge/Si VS. 
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Figure 3.11 (a) and (b) illustrate cross-sectional TEM images of TD propagation 

in III-V buffer layers directly grown on Si substrate and Ge/Si VS, respectively. A 

high density of TDs is generated at the GaAs/Si interface and Ge/Si interface due 

to a large lattice mismatch between materials. As shown in Figure 3.11 (a), most 

of the defects generated at the GaAs/Si interface are confined within the first 

~150 nm of the GaAs region thanks to the 2-step growth method [1, 20]. However, 

high-density TDs of ~109 cm-2 still propagate freely upward before meeting the 

first DFL [1, 2]. In contrast, the TDs generated at the Ge/Si interface have a 

significantly lower density in the thin Ge layer due to high-temperature TCA, as 

shown in Figure 3.11 (b). The thermal stress induced by TCA enhances TD 

mobility and promotes self-annihilation of TDs with opposite Burgers vector sign 

[8]. A TDD of ~6 ×	108 cm-2 is obtained after the growth of this 300 nm Ge layer, 

similar to the TDD level of 1.4 µm GaAs monolithically grown on Si with one set 

of DFL [2, 12].  

Since Ge has an almost identical lattice constant to GaAs, misfit dislocations 

(MDs) are barely introduced during the epitaxy of GaAs on Ge, leading to a few 

additional TDs propagating towards DFLs. As shown in Figure 3.11 (a) and (b), 

the SLSs can effectively suppress the propagation of TDs. A reduction of TDD 

can be observed as TDs pass through each set of DFLs. The built-up strain inside 

SLSs forces TDs to bend at the SLS interface and propagate towards the wafer 

edge, which increases the possibility of TD annihilation. A final TDD of 4 ×	106 

cm-2 is obtained after the four sets of DFLs, as indicated in the ECCI image of the 

GaAs surface shown in Figure 3.11 (c). Nevertheless, Figure 3.11 (b) shows that 

after three sets of DFLs, no TDs are observed; the final DFL may be unnecessary, 

and an optimised buffer layer with lower thickness is feasible. 
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Figure 3.11 Cross-sectional bright-field TEM results of (a) GaAs buffer layer 

grown on a Si substrate and (b) GaAs buffer layer grown on a Ge/Si VS. Both (a) 

and (b) have the same total thickness and consist of 4-set DFLs. (c) ECCI image 

showing TDD level for GaAs buffer layer grown on Ge/Si VS after 4th DFL. Arrow 

indicates a single TD observed on the surface [5]. 

 

3.4.1. Optimisation of InAs/GaAs QDs  

The precise control of growth parameters offered by the MBE system allows an 

accurate monitor of QD growth. We wish to achieve two primary aims in our QD 

active region: high-density of 5×1010 cm-2 and high-uniformity with FWHM < 30 

meV. The surface morphology and optical properties of grown QDs were 

examined by AFM and PL measurements, respectively.  

The DWELL structure is shown in Figure 3.10. Each DWELL consists of 2.7 ML 

InAs QDs grown on 2 nm In0.18Ga0.82As pre-layer and capped by 4.5 nm 

In0.18Ga0.82As and 8 nm GaAs capping layers, which were grown at 490 °C and 

500 °C, respectively. The higher temperature implemented for GaAs capping 

layer provides indium-flush annealing to enhance the dot uniformity [21, 22]. 

Finally, another 32 nm GaAs spacer layer was grown at a high temperature of 

580 °C to avoid the vertical alignment of QDs in the subsequent layer. During the 

growth, the growth rate of InAs was set as 0.17 MLs-1, and the V/III ratio was kept 

at 30.  

The growth temperature of InAs/GaAs QDs plays a vital role in determining QD 

density and thus the gain of laser structures. The higher growth temperature of 

InAs/GaAs QDs enhances the diffusion length of adatoms, making indium 
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preferably deposited on the existed QDs, which allows the strain relaxation at its 

surface, rather than on the underlying wetting layer to form new dots. As a result, 

the density of QDs is lower when a higher QD growth temperature is adopted. As 

shown in Figure 3.12, the QD density has a dramatic decrease from 6.5 × 1010 

cm-2 to 3.6 × 1010 cm-2 when the growth temperature increases from 485 °C to 

500 °C. Although the ultra-high density of QDs of 6.5 × 1010 cm-2 is obtained at 

a low QD nucleation temperature of 485 °C, most QDs are small dots with varying 

sizes, which severely degrades the uniformity. As a result, it has the highest 

FWHM compared with QDs grown at higher growth temperatures, as illustrated 

in Figure 3.13. By contrast, a higher QD uniformity is achieved when the growth 

temperature of QD increases to 490 °C and 500 °C. The optical prosperities of 

QD is also improved at the same time. The comparison of FWHM and normalised 

PL intensity for QD grown at different growth temperatures is summarised in 

Figure 3.13.  

Our study aims to achieve high-density QDs of 5×1010 cm-2 and high-uniformity 

with FWHM < 30 meV, which has been achieved by using the growth temperature 

of 490 °C. Therefore, no further optimising in growth temperature is carried out. 

When considering both FHWM and PL intensity, the QD growth temperature of 

490 °C was the optimal growth temperature for InAs/GaAs QD grown on Ge/Si 

VS. This QD growth temperature was adopted in the following studies. 

 

 

Figure 3.12 1 ×	1 µm2 AFM images of uncapped InAs/GaAs QD grown at (a) 485 

°C, (b) 490 °C and (c) 500 °C. The QD density for (a)-(c) are 6.5 × 1010 cm-2, 5 

× 1010 cm-2 and 3.6 × 1010 cm-2, respectively. 
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Figure 3.13 Summary of FWHM and normalised PL intensity of QD samples 

grown at different temperatures. 

 

In addition to the high-density QDs grown on Ge/Si VS, achieving a low density 

of defective dots is desired. The large white dots shown in Figure 3.14 are 

defective dots, which arise from point defects induced by QDs at low nucleation 

temperature. A low defective dots density of 1.6 ×  107 cm-2 is achieved, as 

shown in Figure 3.14, indicating high uniformity of QDs. Hence, a narrow FWHM 

of 28.5 meV is obtained in room-temperature (RT) PL measurement. Besides, a 

separation between the ground state (GS) and excited state (ES) of 64.8 meV is 

also observed in Figure 3.15. Such high separation efficiently forms a barrier for 

carriers to excite from GS to ES, leading to better temperature performance of 

the QD laser device. 
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Figure 3.14 5 ×	5 µm2 AFM images of InAs/GaAs QD grown Ge/Si VS, showing 

defective dots density of 1.6 × 107 cm-2. 

 

 

Figure 3.15 Room-temperature photoluminescent (PL) spectrum of the 

InAs/GaAs QD grown on Ge/Si VS. The FWHM is 28.5 meV, and the separation 

between GS and ES is 64.8 meV. 
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3.5. InAs/GaAs QD Lasers Grown on Ge/Si VSs 

The InAs/GaAs QD laser has the same buffer layer structure shown in Figure 

3.10. Above the four sets of DFLs, a 1300 nm n-type doped Al0.4Ga0.6As cladding 

layer and a 30 nm un-doped Al0.12Ga0.88As guiding layer were deposited. The 

active region was comprised of a seven-layer InAs/GaAs DWELL structure 

separated by 42 nm GaAs spacer layers [19]. Part of the GaAs was p-type 

modulation-doped by Be to enhance the temperature performance of the QD 

laser. Above the active region, another 30 nm thick un-doped Al0.4Ga0.6As guiding 

layer and 1300 nm of p-type doped Al0.4Ga0.6As cladding layer were grown. 

Finally, a 300 nm p-type GaAs contact layer completed the growth. The schematic 

diagram of the QD laser structure is shown in Figure 3.16. A slow cool-down rate 

of 0.1 °C/min was adopted to prevent the formation of micro-cracks after the 

growth. 

The broad-area InAs QD laser device was fabricated with a stripe width of 25 µm 

using standard photolithography and wet chemical etching techniques. The ridge 

was etched to about 200 nm above the active region. Ti/Pt/Au and Ni/GeAu/Ni/Au 

were deposited on the p+ GaAs contact layer and the exposed n+ GaAs buffer 

layer to form the p- and n-metal contacts, respectively. After thinning the Si 

substrate to around 120 µm, the laser bar was cleaved into the desired cavity 

length of 3 mm, and no highly reflective coating was applied to the mirror facets. 

The laser fabrications and device measurements were performed by Mr. Zizhuo 

Liu and Miss Shujie Pan, respectively. 
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Figure 3.16 Schematic diagram of InAs/GaAs QD laser grown on a Ge/Si VS. 

 

3.5.1. Microscope Measurements 

The microscope image showing the surface morphology of InAs/GaAs QD laser 

grown on Ge/Si VS is demonstrated in Figure 3.17. Since the overall thickness of 

this InAs/GaAs QD laser is 5.5 µm, which is slightly higher than the cracking 

threshold (5 µm), micro-cracks are formed on the sample surface. The minimum 

separation of neighbouring micro-cracks is approximately 600 µm, indicating that 

the average crack density is below 17.9 cm-1, which is relatively low compared 

with previous results [23, 24]. Besides, as illustrated in Figure 3.11, our TEM 

results demonstrate the feasibility of removing the top DFL layer in the InAs/GaAs 

QD laser structure without affecting the TDD level. A further reduction in laser 

thickness and micro-crack density is feasible in future growth, contributing to the 

high yield of InAs/GaAs QD laser devices. 
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Figure 3.17 Microscope image showing the micro-crack density of InAs/GaAs QD 

laser monolithically grown on Ge/Si VS. 

 

3.5.2. TEM Measurements 

A cross-sectional TEM image of 7 layers of InAs/GaAs QDs grown on Ge/Si VS 

is shown in Figure 3.18. Thanks to a high-quality thin Ge buffer layer and four 

sets of InGaAs/GaAs DFLs, TDs were reduced from 109 cm-2 to a low value of 

4×106 cm-2 in the buffer layer. Based on this, a visible defect-free DWELL active 

region is demonstrated. The QDs shown in the TEM images have similar sizes, 

indicating high uniformity of QDs. This result is consistent with the previous AFM 

results shown in Figure 3.14. 
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Figure 3.18 Cross-sectional TEM image of a 7-layer DWELL structure. No visible 

defect is observed in this region [5]. 

 

3.5.3. Laser Performance Measurements 

Figure 3.19 (a) shows the light-against-current (LI) measurement of the 

InAs/GaAs QD laser monolithically grown on Ge/Si VS under pulsed operation at 

16 °C. The measured laser threshold current density is about 200 Acm-2, 

corresponding to 28.6 Acm-2 per QD layer. The maximum output power of ~78 

mW is obtained from a single facet when the injection current density reaches 

1200 Acm-2. The emission spectra of InAs/GaAs QDs monolithically grown on 

Ge/Si VS with various injection currents at 16 °C are presented in Figure 3.19 (b). 

At a low injection current of 140 mA, only amplified spontaneous emission is 

present. Once the injection current increases to 150 mA, a typical laser emission 

with a peak wavelength of 1279 nm can be observed. The appearance of lasing 

is evidenced by a sudden narrow FWHM and a dramatic increase in intensity.  

Under CW operation at 16 °C, the series resistance of 3.8 Ω is extracted from 

current-voltage (I-V). The measured laser threshold current density is 385 Acm-2, 

corresponding to 55 Acm-2 for each of the seven QD layers. The maximum output 

power of 40.2 mW is obtained for a single facet at an injection current density of 

1200 Acm-2.  
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Figure 3.19 (a) LI measurement of the InAs/GaAs QD laser under pulsed 

operation at 16 °C. (b) Emission spectra of InAs/GaAs QDs monolithically grown 

on a Ge VS with various injection current under pulsed mode at 16 °C. 

 

 

Figure 3.20 LIV measurement of InAs/GaAs QD laser at 16 °C under CW 

operation. 

 

Since robust temperature stability is necessary to support a laser device working 

under extreme conditions, the achievements of high-temperature lasing and high-

temperature stability are essential. The characteristic temperatureT0 can be 

deduced through equation 
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𝐽]p	(𝑇5	) = 𝐽]p	(𝑇4	)𝑒
∆r
rs 																																																			(3.1) 

where Jth(T1) and Jth(T2) are threshold current densities at T1 and T2, ∆T is the 

temperature difference between T1 and T2.  

The InAs/GaAs QD laser grown on Ge/Si VS has been tested at a range of 

operating temperatures, as illustrated in Figure 3.21. The maximum operating 

temperature of 130 °C under pulsed operation has been achieved for the 

InAs/GaAs QD laser grown on Ge/Si VS. However, 130 °C is the upper limit of 

our temperature controller. Since no thermal rollover is noticed when the laser 

operates at 130 °C, it suggests that this device can work at even higher 

temperatures. This high operating temperature of 130 °C reaches the world 

record for InAs/GaAs grown on Si substrate. The characteristic temperature T0 is 

calculated as 153.4 K between 16 °C and 36 °C, and it decreases to 48.4 K from 

36 °C to 130 °C as a result of carrier escape at higher temperatures, as shown in 

Figure 3.21 (b) [25]. The high T0 obtained here attributes to the p-type modulation 

doping in the gain medium. In the InAs/GaAs QD system, the spacing between 

energy levels in the valence band is ~10 meV, which is below kBT at room 

temperature. As a result, holes are more likely to escape thermally. By 

implementing p-type doping in the active region, the holes will be compensated, 

which contributes to the population inversion and enhances the temperature 

performance of the QD laser [26]. This high T0 of 153.4 K is comparable with the 

previously reported best InAs/GaAs QD laser grown on a Ge/Si VS with p-type 

modulation doped active region [4].  

As shown in Figure 3.21 (c) and (d), the operating temperature of the laser under 

CW operation has been observed up to 66 °C with T0 of 71.4 K between 16 °C to 

46 °C. A degraded T0 of 35.7 K is noticed when operating temperature increases 

from 46 °C to 66 °C (Figure 3.21 (c) and (d)). Since thermal rollover is not 

presented when the laser operates at 66 °C, an even higher maximum work 

temperature of this laser device is suggested if a CW system with a higher current 

limit is applied (>1 mA). These results present improved performance compared 

with previous results of InAs/GaAs QD lasers monolithically grown on Ge/Si VSs 

[3, 27]. 
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Figure 3.21 (a) Light output power against injection current density at various 

temperatures under pulsed operation. (b) Characteristic temperature measured 

under pulsed mode from 289 K to 409 K. (c) Light output power against injection 

current density at various temperatures under CW mode. (d) Characteristic 

temperature measured under CW operation from 289 K to 339 K. 

 

3.6. Conclusion 

In conclusion, we have demonstrated a high-quality 270 nm thick intrinsic Ge with 

a TDD of ~6 × 108 cm-2. A further reduction of TDD for this thin Ge buffer layer 

is possible through Sb doping. Based on the optimised Ge/Si VS, an optimised 

InAs/GaAs QDs with a high-density of 5×1010 cm-2 and high uniformity with 

FWHM < 30 meV are demonstrated. The overall thickness of developed 

InAs/GaAs QD laser structure is ~5.5 µm, which approaches the cracking 

threshold (5 µm). A low crack density of 17.9 cm-1 is observed on the wafer 

surface. A further reduction in crack density is feasible, which ensures the high 

yield of InAs/GaAs QD lasers grown on Si substrates.  
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The measured InAs/GaAs QD laser threshold current densities under pulsed and 

CW operation are 200 Acm-2 and 385 Acm-2, corresponding to 28.6 Acm-2 and 55 

Acm-2 for each of the seven QD layers, respectively. The maximum output power 

of ~78 mW is obtained from a single facet at an injection current density of 1200 

Acm-2 for the laser operating under pulsed operation. Lasing is observed up to 

130 °C and 66 °C under pulsed and CW operation, respectively. Further 

improvements in threshold current density and temperature performance are 

possible when further optimising the material growth and fabrication process.  
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Chapter 4                          
InAs/GaAs QD Lasers Grown on Si 
(001) Substrates 
 

 

 

 

 

 

 

4.1. Introduction 

High-performance InAs/GaAs quantum dot (QD) lasers grown on Ge/Si virtual 

substrates (VSs) have been demonstrated in the previous chapter, where 4° 

offcut Si substrates were implemented to prevent the formation of antiphase 

boundaries (APBs) [1, 2]. However, the offcut Si substrates are incompatible with 

mature complementary metal-oxide-semiconductor (CMOS) processing 

technology where exactly orientated Si (001) substrates with a miscut angle less 

than 0.5° are commonly employed [3]. Deviation from Si (001) substrate affects 
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the processing step, such as etching, which depends on the crystallographic 

orientation. The realisation of APB-free III-V material monolithically grown on on-

axis Si (001) substrate enables III-V QD laser to be compatible with mature 

CMOS processing technology. Consequently, the integration level of photonic 

integrated circuits (PICs) will be significantly boosted.  

Peering works on realising the APB-free III-V-on-Si template have demonstrated 

remarkable progress [4-8]. The realisation of APB-free III-V-on-Si templates 

mainly relies on V-grooved Si (111) surface [9, 10], template-assisted selective 

epitaxy (TASE) [11], III-V nano-ridge engineering [12, 13] or high-temperature 

annealing of Si substrate under hydrogen ambient environment to form 

dominated Si double-atomic-height (D) steps [5, 6, 14, 15]. However, previous 

results demand pre-patterned substrates or hydrogen sources. Besides, the 

formation of Si D steps by hydrogen annealing requires intentionally selected 

offcut angles for Si (001) substrates (0.15° and 0.11° for the growth of GaAs/Si 

and GaP/Si, respectively). Therefore, APB-free templates are typically developed 

through a metalorganic vapour phase epitaxy or metalorganic chemical vapour 

deposition (MOVPE/MOCVD) system and then transferred to a molecular beam 

epitaxy (MBE) system to continue the QD active region growth.  

An all MBE-grown APB-free III-V buffer layer will simplify the growth process and 

form a more economically favourable solution. Recently, researchers from the 

University of Tokyo have successfully grown APB-free III-V lasers on on-axis Si 

(001) by MBE using a high-temperature Al0.3Ga0.7As nucleation layer [7, 16, 17]. 

However, the APB annihilation mechanism attributing to the Al0.3Ga0.7As 

nucleation layer has not been thoroughly investigated, and questions remain 

regarding critical growth parameters.  

This chapter has demonstrated a novel way to form APB-free GaAs monolithically 

grown on on-axis Si (001) substrate. Instead of using dominated Si D steps, 

parallel Si single-atomic-height (S) steps are adopted to redistribute the APB 

nucleation to an ordered distribution. The well-organised APBs propagate 

through the {110} planes during low-temperature growth. As a result, the size of 

antiphase domains (APDs) is confined by closely spaced neighbouring APBs. 

The kink of APBs into higher index planes, such as {111}, {112} planes, is feasible 
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by ramping the growth temperature of subsequent GaAs layers, leading to 

intersection and self-annihilation of APBs [18, 19].  

The structure of this chapter is organised as follows: In the first section, the 

optimisation of the III-V layer grown on Si (001) substrate is introduced. The 

mechanisms of non-annealing and temperature-ramped growth, both of which 

are crucial for the GaAs growth, are explained. The parallel Si S steps formed by 

annealing the Si buffer layer is presented in the second section. The impact of 

these Si S steps on APB nucleation is illustrated by comparing atomic force 

microscope (AFM) and cross-sectional transmission electron microscope (TEM) 

results of the grown GaAs layers. Finally, 1 µm-thick APB-free GaAs grown on Si 

(001) is demonstrated. Based on this APB-free GaAs/Si (001) platform, a 1.3 µm 

InAs/GaAs QD laser device is fabricated.  

4.2. Optimisation of GaAs Grown on Si (001) 
Substrates 

In this section, the optimised growth methods are developed to promote APB 

annihilation during the epitaxy of the GaAs buffer layer on Si (001). It should be 

noted that the Si substrates used in the subsequent studies are microelectronic 

standard on-axis Si (001) substrates with random miscut angles within 0.15° ± 

0.1° toward <110> orientation. The offcut angles of Si substrates used in this 

study are not intentionally selected. The AFM measurements are processed to 

determine the APB density on the sample surface.  

An optimised three-step GaAs growth method is adopted, aiming at achieving a 

minimum density of APBs. Sample A, B and C were grown with structure 

diagrams shown in Figure 4.1 (a-c), respectively. As for sample A, a first 40 nm 

GaAs nucleation layer was deposited with a low growth rate of 0.1 monolayer per 

second (MLs-1) on the deoxidised Si (001) substrate at 330 °C. High-temperature 

annealing of 480 °C was then applied afterwards. After cooling down the substrate, 

a 210 nm low-temperature (LT) GaAs layer and a 250 nm mid-temperature (MT) 

GaAs layer were grown at 350 °C and 420 °C, respectively. The growth rate of LT 

and MT GaAs increased to 0.6 MLs-1. In situ thermal annealing steps (590 °C) 

were carried out after the growth of the LT and MT GaAs layer, which were 
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believed to improve the material quality. Finally, a 500 nm high-temperature (HT) 

GaAs layer (0.7 MLs-1) with a growth temperature of 580 °C finished the growth. 

Sample B has an almost identical growth structure as sample A, where all 

annealing steps applied in sample A were replaced by standard ramping steps 

with a ramping rate of 10 °C min-1. For sample C, the temperature ramping steps 

applied for sample B were replaced by temperature-ramped growth steps. That is, 

instead of ramping growth temperature to the desired value without growing GaAs 

layers, the GaAs was deposited simultaneously with a growth rate of 0.6 MLs-1 

during the temperature ramping process.  

 

 

Figure 4.1 Schematic structure diagram of the sample (a) A, (b) B and (c) C where 

annealing, pure temperature-ramping and temperature-ramped growth are used 

in these samples, respectively. 

 

AFM measurements were applied to examine the surface morphology of grown 

samples. As shown in Figure 4.2 (a), a high-density of deep trenches appears on 
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the surface. As a result, the root-mean-square (RMS) surface roughness of 

sample A is exceptionally high as 37.2 nm. Comparing the growth structures of 

sample A and B, the only difference is the implementation of annealing steps. A 

significant improvement of surface morphology is visible when the annealing steps 

are abandoned, as shown in Figure 4.2 (b). During LT growth, the APBs mainly 

propagate through the energy-favoured {110} planes, in which APB consists of an 

equal number of Ga-Ga and As-As wrong bonds [18]. The swap of sublattices of 

Ga and As across the boundary is illustrated in Figure 4.3. The high-temperature 

annealing applied after LT GaAs growth enhances the motion of atoms and forms 

APB-modified thermodynamic equilibrium [20]. The APBs tend to enlarge while 

two APDs with single-phase grains separate and form “crystalline mountains”, 

leaving a deep trench between APDs. This process is schematically 

demonstrated in Figure 4.4. As a result, higher APB density and surface 

roughness are observed, showing degraded crystal quality.  

 

 
Figure 4.2 10	×	10 µm2 AFM images of sample (a) A, (b) B and (c) C, improved 

material quality in terms of APB density and surface roughness is observed from 

sample A to C. 
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Figure 4.3 ADF-STEM image showing the initial nucleation of APBs on Si S steps. 

The red and blue lines indicate the intensity of atoms, which appear in pair (a 

“dumbbell”). As has a higher atomic number than the Ga atom and is slightly 

brighter. The allocation of As is on the top of the dumbbell on the left side (red 

line) and on the bottom of the dumbbell on the right side (blue line) [21]. 

 

 

Figure 4.4 Schematic diagram showing APB-modified thermodynamic equilibrium 

process during high-temperature annealing. As a result, the “crystalline 

mountains” representing single-phase grain domains are formed [20]. 
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As mentioned previously, the annealing step has adverse effects on the material 

crystal quality. However, MT and HT GaAs layers are necessary to kink the APBs 

into higher index planes, such as {111}, {112} and {113} planes, to promote APB 

self-annihilations [15]. A temperature-ramped growth method was adopted in 

sample C to replace the temperature ramping process, as shown in Figure 4.1 

(c). Compared with Figure 4.2 (b), a dramatic decrease of APB density is 

observed on the GaAs surface. Adopting the temperature-ramped growth method 

helps to slow or even avoid the achievement of APB-modified thermodynamic 

equilibrium, where the separated single-phase grains are formed. Therefore, 

during temperature increase, the growth of GaAs prevents the enlargement of 

APDs, while kinking APBs into high index planes. Once the APBs intersect and 

self-annihilate with each other, a single-phase GaAs layer is formed, as 

schematically illustrated in Figure 4.5. In the meantime, the deposition of GaAs 

helps to refill the small gaps between already separated domains before they 

increase in size at the high growth temperature. Consequently, small-size gaps 

are filled, and a single-phase GaAs layer is left.  

 

 
Figure 4.5 Schematic diagram showing how temperature-ramped growth method 

helps prevent the enlargement of APDs, while APBs are propagating at high 

index planes, e.g. {111} planes. Once the APBs intersect and self-annihilate with 

each other, a single-phase GaAs layer is formed.  
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4.3. Impact of Si Steps on APB Self-annihilation 

The optimised growth methods of GaAs have successfully promoted the self-

annihilation of APB on CMOS-compatible Si (001) substrates. However, the 

APBs still appear on the GaAs surface. It is well known that APB nucleates on 

the Si S steps. The distribution and the density of Si S steps play a vital role in 

APB nucleation. The underlying Si steps shall be modified first to achieve APB-

free GaAs grown on Si (001) substrates. In the following sections, parallel Si S 

steps are achieved through surface reconstruction, and their impact on APB 

nucleation and annihilation are analysed. 

4.3.1. Introduction to Si Steps 

The vicinal surface of the silicon substrate is crucial for the nucleation of APBs 

during the epitaxy of GaAs on Si. Si (001) surface with a large offcut angle (> 2°) 

exhibits a single domain. Dominated D steps appear on the surface as it has 

lower energy than S steps [1, 22-24]. As for the Si (100) surface with a small 

offcut angle, as shown in Figure 4.6, it exhibits reconstructed terraces of 

alternating 1×2 and 2×1 dimerisation separated by two type S steps [1, 2, 25, 26]. 

According to Chadi’s nomenclature, these steps are denoted as Sa and Sb, 

depending on whether the step edge is perpendicular or parallel to the dimer rows 

on the upper terrace, respectively [25]. Sa steps are straight, while the 

meandering Sb steps are relatively rough due to thermal fluctuation [1, 2]. Each 

Sb step centres between two neighbouring Sa steps, and the terrace width 

between the neighbouring Sa and Sb steps is defined as L. The offcut angle 𝜃 of 

Si substrate is defined as 

𝜃	= 	 tanx5
𝑎
𝐿																																																											(4.1) 

where a is the theoretical height of each Si S step, which is 0.136 nm. 
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Figure 4.6 Schematic diagram of Si (001) surface with a small offcut angle. It 

exhibits reconstructed terraces of alternating 1 × 2 and 2 × 1 dimerisation 

separated by Sa and Sb steps. 

 

4.3.2. APB-free GaAs Grown on Si Buffer Layers 

Before material growth, the Si (001) substrate was first deoxidised for 30 min at 

1200 °C. A 200 nm Si buffer layer was then grown by e-beam source in group IV 

MBE chamber. A 100 nm Si was first deposited on a deoxidised Si substrate at 

850 °C, followed by five iterations of 20 nm Si grown at 850 °C and annealed at 

1200 °C. Based on this Si buffer layer, sample D was grown, which has an identical 

GaAs growth procedure as sample C. The schematic structure diagram of sample 

D and its surface morphology are shown in Figure 4.7. Based on Figure 4.7 (b), 

an APB-free GaAs layer has been successfully achieved in sample D, the 

structure of which has been regarded as the 1 µm APB-free GaAs/Si (001) 

platform. This result indicates that the Si buffer layer contributes to the annihilation 

of APBs.  
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Figure 4.7 (a) Schematic structure diagram of sample D. (b) 10	×	10 µm2 AFM 

image showing the surface morphology of sample D. A 1 µm APB-free GaAs/Si 

(001) is obtained. 

 

In order to examine the impact of the Si buffer layer on APB annihilation, the 

surface morphologies of Si substrates without and with annealed Si buffer layer 

are compared in Figure 4.8. For the deoxidised Si surface, a random distribution 

of Si atomic steps is observed in Figure 4.8 (a). The generation of these wavy 

steps results from the interaction between different stress domains, which 

reduces the net elastic energy of the Si surface at a small offcut angle [27, 28]. 

By stark contrast, alternating of Sa and Sb steps are presented in Figure 4.8 (b) 

and (c). The Sa step is straight, while the meandering Sb steps are relatively rough 

due to thermal fluctuation. This observation is consistent with the schematic 

diagram shown in Figure 4.6. The height of ~0.13 nm is measured for each step, 

revealing the existence of only Si S steps instead of D steps after high-

temperature annealing [17, 29-31]. The terrace width between two neighbouring 

Sa is measured as ~160 nm in Figure 4.8 (d), and from Equation 4.1, this value 

yields the offcut angle of ~0.99 ° for Si substrate, which is clearly within the 

misorientation range of Si (001) substrate we used.  
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Figure 4.8 5	×	5 µm2 AFM image showing surface morphology of (a) Si substrate 

after 30 min deoxidisation at 1200 °C and (b) 200 nm Si buffer layer. (c) 2	×	2 µm2 

AFM image of the Si buffer layer showing alternating Sa and Sb steps. The Sa step 

is straight, while the meandering Sb steps are relatively rough. (d) Height 

measurement of Si steps on the Si buffer layer surface. The height of each step 

is ~0.13 nm, indicating the only existence of the Si S steps [21]. 

 

The impact of periodic S steps on APB nucleation and annihilation is 

comprehensively investigated in the following sections. Six samples (E-J) were 

grown to investigate the surface morphology of LT (sample E and H), MT (sample 

F and I) and HT GaAs layer (sample G and J) grown on Si substrate without or 

with Si buffer layer. The growth procedure of GaAs layers was kept identical to 

sample D. The structure diagram of these six samples are shown in Figure 4.9, 

and the growth conditions of samples E-J are summarised in Table 4.1. 
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Figure 4.9 Structure diagram of (a) samples E, F and G, which were directly 

grown on the deoxidised Si substrate, and (b) samples H, I and J, which were 

grown on a 200 nm Si buffer layer. 

 

           Table 4.1 Summary of growth conditions of sample E-J. 

Sample With Si buffer layer Growth condition GaAs thickness 
(nm) 

E No LT GaAs 250 

F No (LT + MT) GaAs 500 

G No (LT + MT + HT) GaAs 1000 

H Yes LT GaAs 250 

I Yes (LT + MT) GaAs 500 

J Yes (LT + MT + HT) GaAs 1000 
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The surface morphologies of sample E-J are shown in Figure 4.10. During the 

growth of 250 nm LT GaAs directly on deoxidised Si substrate (sample E), a 

considerable number of curved nucleation of APBs are observed in Figure 4.10 

(a). The appearance of these APBs resembles the shape of wavy steps shown in 

deoxidised Si substrate. Since APBs are two-dimensional planar defects, the 

randomly distributed APB nucleation dramatically reduces the chance of 

intersecting and self-annihilating of APBs. During the MT GaAs growth (sample 

F), the APB-modified thermodynamic equilibrium is reached where APBs trend to 

enlarge with the appearance of larger size deep trenches, as presented in Figure 

4.10 (b) [20]. The APB density is lower since high growth temperature 

reconfigures APB propagation into higher index planes to promote APB self-

annihilation. Although a lower APB density presents on the surface after the HT 

GaAs growth (sample G), the size of APBs shown in Figure 4.10 (c) is significantly 

larger than the nucleated one shown in Figure 4.10 (a), severely degrading the 

crystal quality of the subsequent layer grown on it. These results demonstrate 

that the APB-free GaAs are challenging to realise without modifying the surface 

of Si substrate. 

On the other hand, the parallel APBs appear during the growth of 250 nm LT 

GaAs on the surface-reconstructed Si buffer layer (sample H), as shown in Figure 

4.10 (d), which resemble the distribution of parallel Si S steps. The formation of 

these well-organised APBs results from the APB propagation through {110} 

planes at a low growth temperature of 330 °C, as schematically shown in Figure 

4.11. The pattern shown here is distinctive from the previously reported HT 

AlGaAs nucleation layer by Kwoen et al., demonstrating that different APB-

annihilation mechanisms are involved [7]. Besides, the deep trenches, formed by 

thermodynamic equilibrium, are confined by the parallel APBs lines. These 

trenches are limited in size and gradually eradicated by the further MT 250 nm 

deposition of GaAs (sample I), resulting in a dramatic reduction of trenches 

observed when comparing Figure 4.10 (e) with Figure 4.10 (d). At this stage, 

single-phase GaAs starts to dominate on the surface. The density of APBs is 

visibly lower, showing that a large number of APBs are eradicated during the 

growth of MT GaAs. Finally, a single-phase GaAs is obtained after the HT GaAs 

growth (sample J), as shown in Figure 4.10 (f). A fully APB-free surface was 
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achieved within 1 µm thickness by utilising the parallel (Sa + Sb) arrays on Si to 

promote APB annihilation, coming with a relatively low RMS roughness of 4.9 nm. 

The surface morphology shown in Figure 4.10 (f) is typical for APB-free III-V 

material grown on Si (001), originating from APB-annihilation-induced surface 

roughening [32, 33].  

 

 

Figure 4.10 5	×	5 µm2 AFM images showing the surface morphology of (a) 250 

nm, (b) 500 nm and (c) 1000 nm GaAs monolithically grown on deoxidised Si 

substrate (sample E-G). 5	×	5 µm2 AFM image showing the surface morphology 

of (d) 250 nm, (e) 500 nm and (f) 1000 nm GaAs monolithically grown on Si buffer 

layer (sample H-J) [21].  
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Figure 4.11 Schematic diagram showing APB propagation through the {110} 

planes during LT GaAs growth. 

 

The elimination of APBs without (sample G) and with (sample J) the use of the Si 

buffer layer is also investigated by cross-sectional dark-field TEM measurements, 

as shown in Figure 4.12 and Figure 4.13. The TEM images within this Chapter 

were delivered by our collaborators from the University of Warwick, as highlighted 

in the Acknowledgments. The images are taken with viewing direction of [1{10] for 

Figure 4.12 (a)-(d) and [110] for Figure 4.13 (a)-(b). As shown in Figure 4.12, 

APBs nucleate and propagate through the energy-favoured {110} planes during 

LT GaAs growth. The APB propagation plane is configured to higher index planes 

such as {111}, {112} and {113} in the high-temperature growth region, which 

contributes to APB self-annihilation. The twisted patterns that demonstrate 

randomly distributed APB nucleation are observed in Figure 4.12 (a). By stark 

contrast, periodic arrays of APBs are visible when GaAs is deposited on the Si 

buffer layer with parallel S steps, as illustrated in Figure 4.12 (b). The stacking 

faults that occasionally appear on the GaAs nucleation layer do not have a visual 

impact on the APB propagation and are not considered at this time. The distance 

between APB loops corresponds to the terrace width of two neighbouring Sa 

steps, which is ~170 nm. A model representing APB propagation and annihilation 

during temperature change, as indicated by the orange dashed line shown in 

Figure 4.12 (b), is illustrated in Figure 4.14. 



Chapter 4 InAs/GaAs QD Lasers Grown on Si (001) Substrates 

142 

 

In both samples, the APBs tend to intersect and annihilate with each other within 

the high-temperature growth region. However, the randomly distributed APBs 

shown in sample G (without the Si buffer layer) propagate freely in three 

dimensions, making them extremely difficult to be effectively eradicated. The 

remaining APBs thus penetrate through the whole structure, as displayed in 

Figure 4.12 (c). In contrast, the well-organised APBs that nucleate on (Sa + Sb) 

arrays follow the shapes of these S steps and are closely spaced. An increase in 

growth temperature sufficiently promotes the complete destruction of APBs within 

~500 nm based on Figure 4.12 (d).  

 

 

Figure 4.12 Cross-sectional dark-field TEM images showing regional APB 

nucleation and self-annihilation of (a) sample G (without Si buffer layer) and (b) 

sample J (with Si buffer layer). Cross-sectional bright-field TEM images showing 

1 µm range for APB propagation in the sample (c) G and (d) J. The images are 

acquired from [1{10] viewing direction [21]. 
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Besides, the APBs that penetrate through 1 µm GaAs buffer layer is observed 

from [110] viewing direction for sample G where GaAs is directly grown on 

deoxidised Si (001) substrate, as shown in Figure 4.13 (a). By contrast, since 

parallel S steps are formed towards [110] orientation on the Si buffer layer, the 

APBs that nucleate on these S steps resemble the step orientation, leaving no 

observation of APBs in [110] viewing direction, as shown in Figure 4.13 (b) and 

Figure 4.14. This observation is different from that in the GaP/Si system, where 

Sb steps are shrunk under a hydrogen ambient environment with careful 

treatment. The triangle-island shape Sb steps are left near the edge of the D steps. 

During subsequent growth of GaP on these S triangle islands, the APBs that 

resemble the underlying Si steps can be observed from both [110] and [1{10] 

directions [12, 14, 15, 34]. 

 

 

Figure 4.13 Cross-sectional TEM images showing APB propagation for (a) 

sample G (without Si buffer layer) and (b) J (with Si buffer layer). The images are 

acquired from [110] viewing direction [21]. 

 

Figure 4.14 illustrates a simple model for APB annihilation, as labelled by orange 

dashed lines in Figure 4.12 (b). The APB propagation and annihilation during 

different growth temperatures are presented. APBs propagate through the 

energy-favoured {110} planes during LT GaAs growth. They are reconfigured into 

higher index planes in the high-temperature growth region and promote self-

annihilation, e.g. {112} planes if the incline angle is 35° to the (001) growth plane 
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or {111} planes if the incline angle is 55°. Since APBs that nucleate on S steps 

resemble the step orientation, APBs can only be observed in the (1{10) instead of 

(110) plane. 

 

 

Figure 4.14 A simple model representing APB propagation and annihilation 

during different growth temperatures. 

 

4.4. InAs/GaAs QDs Grown on Si (001) Substrates 

Based on the APB-free GaAs/Si (001) platform (with structure diagram shown in 

Figure 4.7), InAs/GaAs QDs were grown by MBE. Above the 1 µm APB-free 

GaAs/Si (001) platform, three sets of dislocation filter layers (DFLs) were grown 

to suppress the propagation of TDs. Each set of DFL consisted of five repetitions 

of In0.18Ga0.82As/GaAs SLS and a 300-nm-thick GaAs spacer layer. In situ thermal 

annealing was carried out for each DFL to enhance the mobility of TDs and 

promoted TD annihilation. InAs/GaAs DWELL structure formed the active region 

where four-layer InAs/GaAs QDs separated by 42 nm GaAs spacer layers were 

grown. Each DWELL consisted of 2.7 MLs of InAs QD grown on a 2 nm 

In0.18Ga0.82As layer and capped with a 4.5 nm In0.18Ga0.82As and a 40 nm GaAs 

layer. The active region was embedded by two 50 nm GaAs and 100 nm AlGaAs 
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layers. One-layer uncapped InAs/GaAs QDs was grown on the top to examine 

the QD density and uniformity. The schematic diagram of the un-capped 

InAs/GaAs QD structure grown on the 1 µm APB-free GaAs/Si (001) platform is 

shown in Figure 4.15. 

 

 

Figure 4.15 Schematic diagram of the InAs/GaAs QD structure grown on 1 µm 

APB-free GaAs/Si (001) platform. 

 

Figure 4.16 shows 1 ×	1 µm2 AFM images of uncapped InAs/GaAs QDs grown 

on the APB-free GaAs/Si platform. A high-density QD of 5.4 ×	1010 cm-2 with high 

uniformity is obtained. The photoluminescence (PL) measurements are used to 

examine the optical properties of grown QDs. As shown in Figure 4.17, the room-

temperature PL intensity of QDs grown on an APB-free GaAs/Si (001) platform 

(with Si buffer layer) has a four-fold improvement than that grown on a GaAs/Si 

(001) virtual substrate (without Si buffer layer), revealing a massive improvement 

in GaAs material quality by using Si buffer layer. The peak wavelength of ~1290 

nm and low full-width-at-half-maximum (FWHM) of ~28 meV are obtained at room 

temperature for InAs/GaAs QDs grown on APB-free GaAs/Si (001) platform. 
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Figure 4.16 1 ×	1 µm2 AFM images of InAs/GaAs QD grown 1 µm APB-free 

GaAs/Si (001) platform. A high-density QD of 5.4 ×	1010 cm-2 with high uniformity 

is obtained. 

 

 
Figure 4.17 Room-temperature PL spectra comparison of InAs/GaAs QDs grown 

on an APB-free GaAs/Si (001) platform (with Si buffer layer) against that grown 

on a GaAs/Si (001) virtual substrate (without Si buffer layer) [21].  

 

Figure 4.18 shows the power-dependent PL spectra of InAs/GaAs QDs grown on 

a 1 µm APB-free GaAs/Si (001) platform at 10 Kelvin (K). The laser power has 

been increased from 0.25 mW to 40 mW to observe the emission from the excited 
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state (ES). At 10 K, the emission wavelength of the ground state (GS) is ~1200 

nm (1.03 eV), and the emission wavelength of ES is ~1138 nm (1.09 eV). The 

separation between GS and ES is ~60 meV. The PL intensity of GS increases 

when excitation power rises from 0.25 mW to 40 mW. There is very limited 

saturation in GS until high excitation power is applied, indicating a high density of 

QDs is achieved in the active region. 

Figure 4.18 shows the temperature-dependent PL spectra of InAs/GaAs QD 

grown on a 1 µm APB-free GaAs/Si (001) platform at an exciting power of 40 mW. 

A typical redshift of wavelength is observed when measurement temperature 

increases from 20 K to 300 K due to lattice expansion at a higher temperature. 

Namely, the bandgap becomes narrower at a higher temperature, leading to a 

longer wavelength observed. An increase in GS emission intensity is observed 

when the temperature increases from 20 K to 100 K. This is because carriers are 

frozen in QDs at low temperatures. The thermal escape of carriers rarely happens. 

When the temperature is further increased, a dramatic reduction of GS emission 

intensity is observed due to the thermal escape of carriers from QD states and 

enhanced non-radiative recombination.       

 

 

Figure 4.18 Power-dependent PL spectra of InAs/GaAs QD grown on 1 µm APB-

free GaAs/Si (001) platform at 10 K.  
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Figure 4.19 Temperature-dependent PL spectra of InAs/GaAs QD grown on 1 

µm APB-free GaAs/Si (001) platform under exciting power of 40 mW. 

 

4.5. InAs/GaAs QD Lasers Grown on Si (001) 
Substrates 

In order to test the feasibility of using this 1 µm APB-free GaAs/Si (001) as a 

platform for the integration of InAs/GaAs QD laser device on Si (001) substrate, 

a whole laser structure has been grown with the structure diagram shown in 

Figure 4.20. The laser device was grown on an on-axis Si (001) substrate with 

miscut angles within 0.15° ± 0.1° toward <110> orientation. A 200 nm surface-

reconstructed Si buffer layer was grown, followed by the deposition of a 1 µm Si-

doped APB-free GaAs layer. Above the buffer layer, three-set of DFLs, which 

consisted of five repetitions of In0.18Ga0.82As/GaAs strained-layer superlattices 

(SLSs) followed by a 300-nm-thick GaAs spacer layer, were adopted to suppress 

the propagation of TDs. The InAs/GaAs DWELL formed an active region where 

five-layer InAs/GaAs QDs separated by 40 nm GaAs spacer layers were grown. 

The active region was surrounded by 30 nm Al0.4Ga0.6As guiding layers and 1.3 

µm Si- and Be-doped Al0.4Ga0.6As cladding layers. Finally, a 300 nm Be-doped 

GaAs contact layer finished the growth.  
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The broad-area InAs QD laser device was fabricated with a stripe width of 50 µm 

using standard photolithography and wet chemical etching techniques. Ti/Pt/Au 

and Ni/GeAu/Ni/Au were deposited on the p+ GaAs contact layer and exposed 

n+ GaAs buffer layer to form the p- and n-metal contacts, respectively. After 

thinning the Si substrate to around 150 µm, the laser bar was cleaved into the 

desired cavity length of 3 mm and mounted (as-cleaved) onto the heat sink and 

wire-bonded. The laser characteristics of the fabricated InAs/GaAs QD laser 

devices were measured under pulsed conditions, where a pulse width of 1 µs and 

1% duty cycle were used. The laser fabrication and device measurements within 

this chapter were performed by Mr. Zizhuo Liu and Miss Ying Lu, respectively. 

Figure 4.21 (a) shows cross-sectional bright-field TEM images of the DWELL 

active region, consisting of five InAs/GaAs QD layers. A visual defect-free active 

region is observed, attributing to high-quality APB-free GaAs/Si (001) platform 

and effective DFLs. A typical QD with a height of ~9 nm and width of ~20 nm is 

presented in Figure 4.21 (b).  

 

 

Figure 4.20 Schematic diagram of InAs/GaAs QD laser grown on APB-free 

GaAs/Si (001) platform. 
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Figure 4.21 Cross-sectional bright-field TEM images showing (a) defect-free 

DWELL active region which consists of five layers of InAs/GaAs QDs and (b) a 

single InAs/GaAs QD.  

 

Figure 4.22 (a) shows emission spectra for InAs/GaAs QD laser grown on APB-

free GaAs/Si (001) platform at various injection current at room temperature. At 

a low injection current of below 80 Acm-2, only amplified spontaneous emissions 

are presented. Once the injection current increases to 90 Acm-2, a GS laser 

emission with a peak wavelength of 1304 nm can be clearly observed. The 

appearance of lasing is evidenced by a sudden narrow FWHM and a dramatic 

increase in intensity. Further increase in injection current leads to an obvious 

multi-mode lasing spectrum, as presented in Figure 4.22 (b). 

The temperature-dependent LI measurement of the InAs/GaAs QD laser grown 

on the APB-free GaAs/Si (001) platform under pulsed operation is presented in 

Figure 4.23 (a). Room temperature threshold current density is as low as 83.3 

Acm-2. The lasing up to 120 °C under pulsed operation is achieved, which is 

higher than previously best-reported results under pulsed operation [3, 35]. The 

characteristic temperature T0 is calculated as 55 K between 20 °C and 90 °C, and 

it decreases to 28 K from 100 °C to 120 °C as a result of carrier escape at higher 

temperatures, as shown in Figure 4.23 (b). This poor T0 is due to the undoped 

QD active region used. In the InAs/GaAs QD system, the valance band offset is 

small as ~10 meV, which is below kBT at room temperature; hence holes are more 

likely to escape thermally. By implementing p-type doping in the active region, the 
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holes will be compensated, which contributes to the population inversion and 

enhances the temperature performance of InAs/GaAs QD laser. 

 

 

Figure 4.22 (a) Emission spectra for InAs/GaAs QD laser grown on a APB-free 

GaAs/Si (001) platform at various injection current at room temperature. (b) A 

multi-mode lasing spectrum is observed when high injection current that beyond 

threshold current is applied. 
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Figure 4.23 (a) Temperature-dependent LI curve and (b) corresponding 

characteristic temperature T0 of InAs/GaAs QD laser grown on APB-free GaAs/Si 

(001) platform [21].  

 

4.6. Conclusion 

In this chapter, we have developed 1 µm APB-free GaAs monolithically grown on 

COMS-compatible Si (001) substrates. Instead of using well-known dominated D 

steps to prevent the formation of APBs, we have demonstrated APB-free GaAs 

grown on Si (001) by using periodic Si S steps only. The detailed mechanism of 

APB annihilation based on parallel Si S steps is introduced.  

For deoxidised Si substrate, randomly distributed Si steps without a clear step 

order appear on the surface. During the growth of GaAs on deoxidised Si 

substrate, APB nucleation resembles the Si step shape and have a random 

distribution, making APBs hard to annihilate with each other thoroughly during 

the intersection. As a result, the APBs penetrate through the whole structure and 

severely degrade the crystal quality. By contrast, the parallel Si S steps, which 

are formed during the Si surface reconstruction, help redistribute APB nucleation. 

Consequently, the APBs that nucleate on parallel Si S steps form ordered arrays. 

The complete annihilation of APBs is enabled when APB propagation planes are 

reconfigured to higher index planes during the MT and HT GaAs growth. 

In the meantime, the optimal GaAs growth method is developed where non-

annealing and temperature-ramped growth are adopted to prevent the APB-
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modified thermodynamic equilibrium during temperature ramping. Thus, the 

enlargement of APB is prevented, which contributes to complete APB annihilation 

within 500 nm GaAs. 

Based on the 1µm APB-free GaAs/Si (001) platform, a 1.3 µm InAs/GaAs QD 

laser grown on Si (001) has been fabricated. A low threshold of 80 Acm-2 and a 

high operating temperature of 120 °C are obtained under pulse operation. The 

characteristic temperature T0 is calculated as 55 K between 20 °C and 90 °C. T0 

decreases to 28 K from 100 °C to 120 °C, as a result of carrier escape at higher 

temperatures.  

The enhancement of laser device performance is expected by implementing p-

modulation doping in the active region and further optimising APB-free GaAs/Si 

(001) platform and InAs/GaAs QDs.  
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Chapter 5                                     
Investigation of APB Annihilation and 
Interaction with TDs in GaAs/Si (001) 
 

 

 

 

 

 

 

5.1. Introduction 

In the last chapter, we demonstrated 1 µm-thick antiphase boundary (APB)-free 

GaAs grown on complementary metal-oxide-semiconductor (COMS)-compatible 

Si (001) substrates by using periodic Si single-atomic-height (S) steps. Based on 

this APB-free GaAs/Si (001) platform, an InAs/GaAs quantum dot (QD) laser 

structure has been developed and fabricated into devices. However, such laser 

devices are limited by pulsed operation due to high defect density and imperfect 

QDs in the gain medium. Further improvements in the APB-free GaAs buffer layer 
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and dot-in-well (DWELL) active region is necessary to achieve continuous wave 

(CW) lasing operation. The optimisation of the APB-free GaAs/Si (001) platform, 

which directly determines the crystal quality of the InAs/GaAs QD laser structure, 

is of great importance. Before moving to the detailed optimisation strategies of 

the APB-free GaAs/Si (001) platform, studies related to APB nucleation, 

propagation, and interaction with other types of defects need to be carried out 

first to figure out the physical mechanism behind them. Because of the time 

constraints, only non-quantitative studies are given here. The research plans 

focused on testing the hypothesis and providing ideas of optimisation methods 

will be included in Chapter 6. 

In this chapter, three comprehensive studies are discussed, including  

1) The impact of AlGaAs nucleation layer (NL) on APB annihilation;  

2) The factors contributed to the kink of APB propagation planes; 

3) The interaction between APBs and threading dislocations (TDs).  

In the first section, the effect of using a low growth temperature AlGaAs NL for 

suppressing APB propagation is investigated. The superiority of using AlGaAs NL 

over GaAs NL is tested by comparing room-temperature photoluminescence (PL) 

intensity. The second section discusses the enhancement of APB kinking and 

self-annihilation during the growth of the GaAs buffer layer, attributed to the 

temperature ramping process and the orientation-dependent diffusion length of 

Ga adatoms. Finally, the last section focuses on the interaction between APBs 

and TDs. The impact of ordered, straight APBs on TD density (TDD) reduction is 

discussed. 

The surface morphology of grown samples is examined by atomic force 

microscope (AFM) measurements. Cross-sectional transmission electron 

microscope (TEM) measurements are employed to determine the APB 

propagation and the interaction between APBs and TDs. The TEM images in this 

chapter were measured by our collaborators from the University of Warwick and 

Beijing University of Technology, as highlighted in the Acknowledgments. 
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5.2. AlGaAs Nucleation Layer 

During the heteroepitaxy of III-V compound materials on the group IV material, 

the formation of crystalline defects, such as TDs and APBs, is inevitable. The 

density of generated defects from the III-V and Si interface is severely affected 

by the composition of NLs [1]. In Chapter 4, the achievement of the APB-free 

GaAs/Si (001) platform with GaAs NL has been studied. In this section, we mainly 

focus on the AlGaAs NL and its impact on APB propagation. 

The implementation of Al-incorporated III-V materials such as AlAs, AlGaAs or 

AlGaP NL has been extensively studied on offcut Si substrates to suppresses the 

formation of TDs [2, 3]. During the epitaxy of lattice-mismatched GaAs on Si 

substrate, the growth mode is Stranski-Krastanov (SK) mode. As indicated by 

Lee et al., for the sample with GaAs NL, high-density GaAs dots of over 5	×	1010 

cm-2 were formed with a small width of 5 nm due to the strain relaxation by forming 

coherent islands [3]. By contrast, for the sample with AlAs NL, the accumulated 

strain was partially relaxed by forming large-size defective AlAs dots with a width 

of 80 nm and interfacial defects. Compared with the sample with GaAs NL, fewer 

TDs were formed for the sample with AlAs NL. Similar results have been reported 

by Lin et al. where AlGaP NL was superior to GaP NL in terms of interface 

smoothness and TDD due to the stronger bonding between Al-Si than Ga-Si 

providing a better pinning effect for AlGaAs NL [2].  

However, the employment of Al-incorporated material in suppressing the 

formation of APBs has been rarely studied [4-6]. The use of AlGaP thin layers 

embedded in the GaP matrix was demonstrated to eliminate APBs during the 

growth of GaP on 6° offcut Si substrates [4, 5]. Recently, Kwoen et al. reported 

that the use of high growth temperature AlGaAs NL prevents the formation of 

APBs during the growth of GaAs on on-axis Si (001) [6-8]. However, none of the 

previously mentioned research delivers direct evidence showing APB 

propagation and destruction within the AlGaAs (AlGaP) layer. In this section, the 

effectiveness of using AlGaAs as NL to suppress the propagation of APB is 

demonstrated and discussed. 

Sample A and B have been grown and compared to investigate the effect of using 

GaAs and AlGaAs as NL on APB suppression. The preparation for the surface-



Chapter 5 Investigation of APB Annihilation and Interaction with TDs in GaAs/Si (001) 

161 

 

reconstructed Si buffer layers was identical for both sample A and B. An on-axis 

Si substrate with 0.15° ± 0.1° miscut toward <110> orientation was loaded in the 

group-IV MBE reactor. Prior to the growth, the Si (001) substrate was deoxidised 

at 1200 °C for 30 min. A 100 nm Si buffer layer was deposited at 850 °C on the 

deoxidised substrate by an e-beam source, followed by five iterations of 20 nm 

Si grown at 850 °C and annealed at 1200 °C to form a surface-reconstructed Si 

buffer layer with parallel Si S steps. The wafer was then transferred into an III-V 

MBE reactor through a UHV transfer chamber, which avoids contaminations and 

ensures a clean Si epi-surface.  

For sample A, a 40 nm GaAs NL was deposited on the Si buffer layer at 330 °C 

with a low growth rate of 0.1 monolayer per second (MLs-1). The growth was 

started with As4 to provide high-quality NL. A temperature-ramped growth process 

was then applied after the growth of NL. While ramping temperature from 330 °C 

to 350 °C, GaAs was deposited with a growth rate of 0.6 MLs-1 to prevent the 

enlargement of APBs and help to refill small gaps between already-separated 

antiphase domains (APDs) before they increase in size during the temperature 

rise. This temperature-ramped growth method was also applied in the following 

temperature ramping steps. Once the temperature reached 350 °C, a 190 nm LT 

GaAs layer was grown, followed by another ramping process to 420 °C to initiate 

the growth of the 180 nm mid-temperature (MT) GaAs layer. After the third 

ramping process, the growth temperature reached the desired value of 580 °C for 

another 340 nm high-temperature (HT) GaAs growth. Within the growth of the HT 

GaAs layer, the growth rate of GaAs increased to 0.7 MLs-1 to ensure high crystal 

quality. As2 instead of As4 was adopted in this HT GaAs layer to provide a smooth 

surface with a low point-defect density [9, 10]. Finally, the whole thickness of the 

GaAs buffer layer reached 1 µm. Sample B has an almost identical structure to 

sample A, except that a 40 nm Al0.4Ga0.6As was utilised instead of GaAs NL. The 

schematic structure diagrams of sample A and B are summarised in Figure 5.1. 
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Figure 5.1 Schematic structure diagram of sample A and B. A 40 nm GaAs layer 

is used in sample A while sample B has a 40 nm Al0.4Ga0.6As NL. 

 

TEM is a powerful tool to visualise the crystallographic information of grown 

sample and allows direct analysis of defects such as TDs and APBs. Figure 5.2 

shows the cross-sectional TEM images of APB propagation and annihilation 

within GaAs buffer layers when a GaAs NL (sample A) and an Al0.4Ga0.6As NL 

(sample B) are used. The TEM images are acquired from the [1{10] viewing 

direction. The nucleation of APBs resembles the distribution of underneath Si 

steps, which are parallel single-atomic-height (S) steps. As a result, a periodic 

array of APBs is observed in Figure 5.2 (a). The distance between two 

neighbouring APBs equals the terrace width of adjacent Si S steps, which is 

related to the miscut angle 𝜃 of the Si (001) substrate used. This relationship is 

defined as 

tan 𝜃 = 	
𝑎
𝐿 																																																												 (5.1) 

where a is the theoretical height of Si S step, which is 0.136 nm. L is the terrace 

width between neighbouring S steps.  

Typically, for GaAs layer grown on on-axis Si (001) substrates with 0.15° ± 0.1° 

miscut, the distance between neighbouring APBs should be within the range of 

30-150 nm. As for sample A with a GaAs NL layer, the distance between 

neighbouring APBs is ~85 nm. By contrast, as clearly shown in Figure 5.2 (b), 
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some APBs are constrained within the Al0.4Ga0.6As NL, leaving no propagation of 

APBs above the NL. Therefore, the distance between neighbouring closed-loop 

APBs is more than 300 nm in this case. Compared with the sample with a GaAs 

NL, fewer APBs will propagate towards the GaAs buffer layer for the sample with 

an Al0.4Ga0.6As NL. A possible explanation for this observation is the strong intra-

bonding atom of Al bends the propagation of some APBs and promote their self-

annihilation within the Al0.4Ga0.6As NL. Hence, a better GaAs crystal quality is 

achieved by implementing the Al0.4Ga0.6As NL instead of the GaAs NL. 

 

 
Figure 5.2 Cross-sectional TEM images showing propagation and annihilation of 

APBs when (a) a GaAs NL and (b) an Al0.4Ga0.6As NL are used. The subsequent 

three-step GaAs growth procedures for both structures are identical.  

 

Based on the structure of sample B, a dot-in-well (DWELL) structure that consists 

of 4 layers of QDs has been developed. Above the 1 µm APB-free GaAs/Si (001) 

platform, three sets of dislocation filter layers (DFLs) were grown to suppress the 

propagation of TDs. Each set of DFL consisted of five repetitions of 

In0.18Ga0.82As/GaAs strained-layer superlattices (SLSs) followed by a 300-nm-

thick GaAs spacer layer. In situ thermal annealing was carried out for each DFL 

to enhance the mobility of TDs and thus promote TD annihilation. InAs/GaAs dot-

in-well (DWELL) structure formed the active region where five-layer InAs/GaAs 

QDs separated by 40 nm GaAs spacer layers were grown. Each DWELL 

consisted of 2.7 monolayers of InAs QD grown on a 2 nm In0.18Ga0.82As layer and 

capped with a 4.5 nm In0.18Ga0.82As layer and a 40 nm GaAs layer. The active 

region was embedded by two 50 nm GaAs and 100 nm AlGaAs layers. One layer 
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of uncapped QDs was grown on the top to examine the quality of grown QDs. 

The schematic diagram of the InAs/GaAs QD structure grown on a 1 µm APB-

free GaAs/Si (001) platform is shown in Figure 5.3. 

 

 
Figure 5.3 Schematic diagram of the InAs/GaAs QD structure grown on 1 µm 

APB-free GaAs/Si (001) platform with a 40 nm Al0.4Ga0.6As NL. 

 

Figure 5.4 shows AFM images of uncapped InAs/GaAs QDs grown on the APB-

free GaAs/Si platform with an Al0.4Ga0.6As NL. A high-density QD of ~4.6	×	1010 

cm-2 is obtained. However, a high density of defective dots of ~2.4	×	108 cm-2 is 

observed in Figure 5.4 (b) due to strain non-uniformity. Therefore, the thickness 

of the capping layer should be carefully chosen to reduce the density of defective 

dots and increase the uniformity of QDs. The room-temperature PL results of 

InAs/GaAs QDs grown on Si (001) substrate with a GaAs and an Al0.4Ga0.6As NL 

are illustrated in Figure 5.5. The InAs/GaAs QDs yields a peak wavelength of 

~1290 nm and a low full-width-at-half-maximum (FWHM) of ~28 meV for both 

samples A and B. The PL intensity of the sample with an Al0.4Ga0.6As NL is 30% 

higher than that with a GaAs NL, indicating a better crystal quality in the APB-free 

GaAs buffer layer. This result is also consistent with TEM measurements shown 

in Figure 5.2. 
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Figure 5.4 (a) 1 ×	1 µm2 and (b) 5 ×	5 µm2 AFM images of uncapped InAs/GaAs 

QDs grown on Si (001) substrate with an Al0.4Ga0.6As NL.  

 

 
Figure 5.5 A comparison of room-temperature PL spectrum for samples with a 

GaAs NL and an AlGaAs NL. 

 

5.3. APB Propagation and Annihilation 

APBs are electrically charged planar defects arising from the deposition of polar 

III-V materials on non-polar Si (001) substrates. The appearance of APBs leads 
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to non-radiative recombination centres and electrical leakage path, which is 

detrimental to the QD laser device performance. The factors that reconfigure the 

propagation of APBs into higher index planes and promote self-annihilation of 

APBs are crucial and need to be discussed in detail. In this section, a non-

quantitative study is carried out to investigate the impact of both growth 

temperature and orientation-dependent diffusion length of Ga adatoms on kinking 

the APBs and promoting APB elimination. The propagation of APBs within 

sample A is studied, where the optimised three-step GaAs layer was grown on 

parallel Si S steps. The nucleated APBs resemble the shape of the underlying Si 

surface and has ordered distribution, as shown in Figure 5.2 (a). Since the 

nucleation of APBs follows the orientation of S steps, APBs can only be observed 

from [1{10] instead of [110] viewing direction, as previously discussed in Chapter 

4, Section 4.3.2. Hence, the TEM images are acquired from [1{10] direction. 

APBs consist of homopolar bonds, e.g. As-As bond or Ga-Ga bond, and 

propagate inside the epilayer during the growth of GaAs on exactly-oriented Si 

(001). The APBs mainly propagate through the {110} or higher index planes such 

as {112} and {111} planes. The propagation of APBs through different planes is 

summarised in Figure 5.6. The {110} APBs are stoichiometric as they consist of 

an equal number of As-As and Ga-Ga wrong bonds, as shown in Figure 5.6 (a). 

However, the {110} APBs are orthogonal to the Si surface, making them 

unconducive for APB annihilation. By contrast, the reconfiguration of the APB 

propagation plane into higher index planes, such as {112} and {111} planes, 

contributes to APB annihilation, as illustrated in Figure 5.6 (b) and (c) [11-14]. 

Compared with stoichiometric {112} APBs, the {111} APBs are unstable as they 

consist of only Ga-Ga or As-As bonds and are highly charged. The formation 

energy of APBs in different index planes has been studied by Rubel et al. The 

{110} APBs have the lowest formation energy of 28 meVÅ-2, compared with {112} 

and {111} APBs, which have formation energy of 39 and 43 meVÅ-2, respectively 

[11]. The {112} APBs with intermediate formation energy are considered 

promising candidates for APB annihilation. 
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Figure 5.6 Schematic diagram showing APBs nucleation and propagation when 

GaAs is grown on Si (001) substrates. APBs are nucleated at S steps. (a) APBs 

propagate freely through {110} planes without annihilation. (b) APBs propagate 

through charge natural {112} planes and self-annihilate. (c) APBs propagate 

through {111} planes and self-annihilate. The thick black lines indicate APBs, and 

orange lines represent the interface between GaAs and Si [15]. 
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The lowest formation energy of {110} APBs is consistent with TEM measurements, 

where the majority of {110} APBs are observed during the growth of the LT GaAs 

layer, as shown in Figure 5.7 (a) [16]. A model representing one of the closed-

loop APBs, which has been labelled as dashed lines in Figure 5.7 (a), is illustrated 

in Figure 5.7 (b). The propagation of APBs follows {110} planes during the LT 

GaAs growth up to 350 °C, which is unfavourable for APB annihilation. The re-

configuration of APBs into higher index planes is thermally activated during the 

temperature ramping process. The APB lies at an incident angle of 35° to the 

(001) growth plane, suggesting that it is {112} APB. After the temperature ramping 

process, the propagation plane of APBs is observed to change back to {110}. This 

observation is novel and has rarely been reported and explained [17]. However, 

this observation is quite common for APBs in GaAs grown on Si (001) substrate 

(sample A), as evidenced by TEM images shown in Figure 5.2 (a) and Figure 5.7 

(a). An assumption made here is that the APB-modified thermodynamic 

equilibrium partially happens during the temperature ramping process, and 

unstable APB tends to migrate back to the {110} planes [18]. This observation is 

consistent with Figure 5.8, which shows the surface morphology of the first 250 

nm LT GaAs. Deep trenches are observed on the sample surface, indicating that 

thermodynamic equilibrium has partially happened. Therefore, a slower ramping 

rate is suggested in future growth to prevent the thermodynamic equilibrium and 

reduce the antiphase domain (APD) density. The reconfiguration of APBs into a 

higher index plane, such as the {111}, is observed in the growth of MT GaAs due 

to higher thermal energy applied. The APBs are thus soon intersected and self-

annihilated with close ones.  

Nevertheless, some adjacent APBs react differently with increased temperature, 

e.g. APB kinks to different planes. The different sensitivity of APB kinking with 

temperature change may contribute to different formation energy of APBs on two 

types of S steps, e.g. Sa and Sb, depending on whether the step edge is 

perpendicular or parallel to the dimer rows on the upper terrace. Besides, the 

crystal polarity of III-V is believed to impact the reconfiguration of the APB 

propagation planes, which requires further investigation [17, 19]. To the best of 

our knowledge, no related theoretical work has been established for the different 
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temperature sensitivity of nucleated APBs on Sa and Sb. A subsequent work 

explaining this phenomenon is worth researching and is included in Chapter 6. 

 

 

Figure 5.7 (a) Cross-sectional TEM image showing APB propagation when GaAs 

grown on Si (001) substrate. (b) The schematic diagram shows the propagation 

and annihilation of APBs for the area labelled in (a). The APB is regarded as 

{112} APB if the incline angle is 35° to the (001) growth plane or {111} APB if the 

incline angle is 55°. 

 

 

Figure 5.8 5	×	5 µm2 AFM image showing the surface morphology of the first 250 

nm LT GaAs layer, where a trench is indicated by a white arrow. 
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As shown in Figure 5.7 (a), the space between neighbouring APBs is narrower 

with an increase in distance from the GaAs/Si interface. Apart from the thermally 

induced reconfiguration of the APB propagation planes, an extra factor 

contributing to the incline of APBs depends on the preferred growth direction of 

GaAs. Ohta et al. and Horikoshi et al. investigated the orientation-dependent 

diffusion length of Ga adatoms on GaAs (001) substrate [20-22]. The diffusivity 

of Ga along As dimer direction is four times larger than that perpendicular to As 

dimer direction. Since the growth of GaAs on the Si buffer layer starts with the As 

pre-layer and As is presented in excess due to the low sticking coefficient of As 

on Si, a similar observation is anticipated. Ga adatoms are expected to exhibit 

higher diffusion length when parallels to the As dimer orientation (same to Si 

dimer orientation). A hypothesis proposed here indicates that GaAs grown on the 

upper terrace of Sa (main-phase) prefers to grow along [110] direction, and GaAs 

grown on the upper terrace of Sb prefers to grow along [11{0] direction (antiphase), 

as illustrated in Figure 5.9. Along with the [110] direction, the main-phase GaAs 

has a slightly higher growth rate than antiphase GaAs, forcing neighbouring high-

index plane APBs to move towards each other when temperature increases in 

GaAs overgrowth. Consequently, the width of the APD is smaller during the 

temperature ramping process, and the suppression of the APD within the GaAs 

buffer layer is facilitated. This hypothesis explains the high rate of APB self-

annihilation during the growth of three-step GaAs on the surface-reconstructed 

Si buffer layer and a 1 µm-thick APB-free GaAs/Si (001) platform is obtained 

consequently.  
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Figure 5.9 Orientation-dependent diffusion length of Ga adatoms leads to 

preferable growth of GaAs along two orthogonal directions when deposited on 

the upper terrace of Sa and Sb. The area within the closed-loop APBs is 

considered as antiphase, while the outside is the main-phase. 

 

5.4. Interaction between APBs and TDs 

Direct epitaxy of III-V materials on Si substrates faces significant challenges due 

to large material dissimilarities between III-V and group IV materials. The primary 

issue of direct epitaxy of III-V material on Si substrate is the formation of TDs, 

which are one-dimensional defects. It has been demonstrated that the use of on-

axis Si substrates induces a higher level of TDs than offcut Si substrates during 

GaAs epitaxy as a result of less uniform Si step distribution in on-axis Si (001) 

[23-25]. A high density of TDs of 108 cm-2 has been reported for 2.3 µm GaAs 

grown on Si (001) substrates, and such high TDD is three-fold higher than that 

GaAs grown on offcut Si substrate with similar growth condition [23]. The high-

density TDs propagate freely towards the active region, resulting in degradation 

of the device performance. The presence of high TD density in the active region 

increases the heat dissipation during device operation. It is considered as one 

major factor that impedes the CW operation of laser devices. The termination of 

TDs happens when 1) TDs reach the edge of a crystal; 2) TDs with opposite 
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Burgers vector sign encounter with each other and promote self-annihilation; 3) 

the net glide force of TDs drop to zero [26].  

On the other hand, APBs are planar defects that arise from the growth of polar 

III-V materials on non-polar Si (001) substrates. APBs nucleate at Si S steps and 

penetrate through the III-V epilayer. The termination of APBs is achieved when 

two APBs intersect and form a closed loop, leaving the upper III-V material 

antiphase disorder free [27]. Both defects, which originates from the III-V/Si 

interface, are detrimental to the material quality and degrade the electronic and 

optical prosperities of the device. A proper understanding of the interaction 

between defects would enhance the device performance. 

From the literature, Molina et al. proposed that the presence of TDs changed the 

propagation of APBs into higher index planes to facilitate APB termination [28]. 

However, no following research was carried out to support this idea. Georgakilas 

et al. observed the existence of TDs on the facet junction of APBs, indicating that 

the TD might terminate at APBs [29]. Recently, the interaction between APBs and 

TDs in the GaSb/Si system has been discussed, where 7° offcut Si substrates 

were used. Tomographic reconstruction was built by Niehle et al., showing that 

APBs trapped the TDs to propagate along with them [30, 31]. When APBs 

penetrate through the whole GaSb structure, the appearance of TDs that are 

perpendicular to the growth surface leads to the growth spiral [31].  

In this section, the interaction between ordered APBs and TDs is investigated in 

GaAs/Si (001) system for the first time. A reduction in TDD is discussed, which 

can be ascribed to the presence of periodic APBs.  

The interaction between TDs and APBs is studied by using sample C, of which 

the structure diagram is shown in Figure 5.10. The 1 µm APB-free GaAs/Si (001) 

platform with an identical growth structure to sample B is first grown, followed by 

the deposition of three sets of DFLs. Each DFL consists of five repetitions of 

In0.18Ga0.82As/GaAs SLSs and is separated by a 300 nm-thick GaAs spacer layer.  

 

 



Chapter 5 Investigation of APB Annihilation and Interaction with TDs in GaAs/Si (001) 

173 

 

 

Figure 5.10 Schematic structure diagram of sample C where three sets of 

In0.18Ga0.82As/GaAs DFLs were grown on a1 µm APB-free GaAs/Si (001) 

platform. 

 

Figure 5.11 (a) and (b) illustrate the cross-sectional TEM images showing the 

interactions between ordered APBs and TDs, and the mechanism behind APB-

TD interactions are depicted in Figure 5.11 (c). As previously mentioned, the 

nucleated APBs resembles the distribution of underlying parallel Si S steps and 

have ordered distribution. The termination of APBs is promoted by kinking the 

APBs into higher index planes during the temperature increase in GaAs overlayer 

growth. As a result, periodic self-annihilated APBs in the (110) plane are 

presented in Figure 5.11 (a) and (b). In the GaAs/Si system, glissile dislocations 

commonly glide on {111} planes, which have the lowest Peierls barrier and are 

considered as easy slip planes for TDs in GaAs [24, 26].  

As shown in Figure 5.11 (a), some TDs propagate along with {110} APBs. A 

possible explanation is that the presence of APBs bends the TDs from their {111} 

glide planes to the (110) APB propagation plane and allows the climbing of TDs 

along the (110) plane. This observation is similar to that reported in GaSb/Si 

system [31]. APBs, which act as traps, provide space for TDs to propagate, 

leading to a higher possibility of TD self-annihilation if two TDs with opposite 

Burgers vector sign meet with each other. This APB-TD interaction is illustrated 

as the red line (2) in Figure 5.11 (c). By contrast, before the termination of TDs 

happens, some TDs that propagate along {110} planes will bend again into new 

{111} glide planes and move towards the intersecting line along [1{10] direction. 

Consequently, some TDs can only be observed as segments, as shown in Figure 

5.11 (a). This APB-TD interaction scenario is illustrated by the red line (1) in 

Figure 5.11 (c). 
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As shown in Figure 5.11 (b), several TDs propagate along the periodic APBs and 

form TD networks. This phenomenon is observed for the first time. A possible 

explanation is given in the following. The presence of {110} APBs bends the TDs 

from their {111} glide planes to along {110} planes. Once TDs reach another {111} 

plane, they start to propagate along easy slip {111} planes again and will be 

captured by another APBs to repeat the process. This process will continue until 

TDs are self-annihilated or move beyond the presence of periodic APBs. This 

kind of APB-TD interaction is illustrated by the red line (3) in Figure 5.11 (c). 

Consequently, the TDD level is expected to be significantly reduced with the 

presence of periodic APBs. 

 

 

Figure 5.11 Cross-sectional TEM images showing the interaction between TDs 

and APBs. (a) TD propagates along with the APBs. (b) TDs are trapped between 

neighbouring APBs and finally stop propagating. (c) A schematic diagram 

showing the interaction between APBs and TDs. TDs that are darker than APBs 

lines are marked by orange arrows in (a-b) and red lines in (c). The number (1), 

(2) and (3) represent three cases of interaction between TDs and APBs. 

 

Figure 5.12 (a) shows the cross-sectional bright-field TEM image of sample C. A 

clear interaction between APBs and TDs, forming the TD network, is observed. 
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Commonly, a high density of TDs (1010 cm-2) arises from the GaAs/Si (001) 

interface and propagates towards the active region. The presence of periodic 

APBs traps the TDs and increases the possibility for TDs with opposite Burgers 

vector sign to meet and self-annihilate with each other. As a result, a sharp 

reduction in TDs density is expected. A TDD of 9×108 cm-2 is obtained around 

500 nm GaAs, where nearly all APBs are terminated. This density of TDs is 

similar to the TDD value of ~1.4 µm GaAs grown on an offcut Si substrate with 

one set of DFL [32]. To further improve material quality, three sets of 

InGaAs/GaAs DFLs are grown. Each set of DFL consists of five repetitions of 

In0.18Ga0.82As/GaAs SLSs and a 300-nm-thick GaAs spacer layer. In situ thermal 

annealing is applied for each DFL to enhance TD mobility further and promote 

TD self-annihilation [33]. As illustrated in Figure 5.12 (b), a dramatic reduction of 

TDD is observed when TDs pass through each set of DFL. Eventually, the TDD 

is reduced to 4.1×106 cm-2 after the three sets of DFLs.  

Previous research has reported that APBs induces a higher level of TDs and 

severely degraded the crystal quality [34]. On the contrary, our results indicate 

that periodic APBs promote the termination of TDs before propagating towards 

the active region. This new observation opens the possibility of reducing both 

APBs and TDs simultaneously, namely a thin APB-free GaAs/Si (001) with low 

TDD, by optimising GaAs growth methods. Based on this platform, a high-

performance micro-crack-free InAs/GaAs QD laser grown on Si (001) with a 

reduced overall thickness below the cracking threshold (~5 µm) is feasible, which 

offers a path towards the realisation of PICs on a single substrate with high yield 

and low cost.  
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Figure 5.12 (a) Cross-sectional bright-field TEM image showing TD propagation. 

The interaction between TD and periodic APBs forming novel TD networks are 

observed. (b) TDD measured at different positions, as indicated in (a).   

 

5.5. Conclusion 

In conclusion, comprehensive studies related to APB nucleation, propagation and 

interaction with TDs are introduced. It is demonstrated that the strong intra-

bonding atom of Al bends the propagation of APBs and promotes their self-

annihilation within the Al0.4Ga0.6As NL, leaving a lower density of APBs to 

propagate towards the GaAs buffer layer. A 30% enhancement in PL intensity is 

observed for the sample with an Al0.4Ga0.6As than that with a GaAs NL.  

The mechanism of APB annihilation during the three-step GaAs buffer layer 

growth is studied. The reconfiguration of the APB propagation plane depends on 

the increase in temperature to provide sufficient thermal energy. The APB-

modified thermodynamic equilibrium partially happens during the LT and MT 

GaAs growth, which turns APB propagation from high index planes into the {110} 

planes. Therefore, a slower temperature ramping rate is suggested in both LT 

and MT GaAs layers to avoid the appearance of APB-modified thermodynamic 

equilibrium. Besides, the orientation-dependent diffusion length of Ga adatoms 
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leads to a slightly higher growth rate of main-phase GaAs than antiphase GaAs, 

forcing neighbouring high-index plane APBs to move towards each other during 

temperature increases in GaAs overgrowth. Consequently, the width of the APD 

is smaller during the temperature ramping process, and the suppression of the 

APD within the GaAs buffer layer is facilitated. 

Finally, the interaction between APBs and TDs is discussed. APBs bend the TDs 

from {111} slip planes to {110} APB propagation planes and enhance TD self-

annihilation. In some cases, the TDs that propagate along the {110} planes will 

bend again into new {111} glide planes. These TDs will either move towards the 

intersecting line or propagate further and captured by other APBs forming TD 

networks until TDs are terminated or move beyond a place where APBs are no 

longer exist. Therefore, the periodic array of APBs enhances TD self-annihilation. 

A dramatic reduction in TDD from 1010 to 9×108 cm-2 is observed in the presence 

of ordered APBs. This new observation opens the possibility of reducing both 

APBs and TDs simultaneously by utilising optimised GaAs growth methods. 

Hence, a thin APB-free GaAs/Si (001) platform with low TDD is realised. Based 

on this platform, a high-performance high-yield InAs/GaAs QD laser grown on 

CMOS-compatible Si (001) with an overall thickness below 5 µm is feasible, 

enabling the realisation of Si-based PICs. 
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Conclusion and Future Work 
 

 

 

 

 

 

 

6.1. Summary of Present Work 

The main objective of this thesis is to develop high-performance InAs/GaAs 

quantum dot (QD) lasers monolithically grown on Si substrates to enable the full 

integration of Si-based photonic integration circuits (PICs). The 1.3 µm 

InAs/GaAs QD lasers grown on both offcut and on-axis Si substrates have been 

reported. 

In Chapter 3, an all-molecular beam epitaxy (MBE) grown InAs/GaAs QD laser 

device on an optimised offcut Ge/Si virtual substrate (VS) has been demonstrated 

with an overall thickness (5.4 µm) close to cracking threshold (~5 µm). In order 

to reduce the overall laser thickness, a high-quality 270 nm intrinsic Ge layer with 
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threading dislocation density (TDD) of ~6 × 108 cm-2 is implemented to replace 

the part of the thick GaAs buffer layer (1.4 µm) with the same TDD level. 

Consequently, low-density micro-cracks of <17.9 cm-1 is observed on the wafer 

surface. 

The high-performance InAs/GaAs QD laser device has been fabricated. The laser 

threshold current densities under pulsed and continuous-wave (CW) operation 

are measured as 200 Acm-2 and 385 Acm-2, corresponding to 28.6 Acm-2 and 55 

Acm-2 for each of the seven QD layers, respectively. Lasing is observed up to 

130 °C and 66 °C under pulsed and CW operation, respectively.  

In Chapter 4, a novel method has been developed to solve the long-existing 

antiphase boundary (APB) issue during polar III-V materials on non-polar Si 

epitaxy. The periodic array of Si single-atomic-height (S) steps is formed on the 

Si buffer layer to re-organise the APB nucleation into an ordered distribution. As 

a result, the size of antiphase domains (APDs) and deep trenches formed by 

APB-modified thermodynamic equilibrium is confined by the closely spaced 

neighbouring APBs. Eventually, a 1 µm-thick APB-free GaAs grown on 

complementary metal-oxide-semiconductor (COMS)-compatible on-axis Si (001) 

substrate has been demonstrated by implementing an optimised three-step GaAs 

growth method to promote APB self-annihilation. Based on this APB-free 

platform, a high-performance all-MBE grown InAs/GaAs QD laser with a low 

threshold of 80 Acm-2 and a high operating temperature of 120 °C has been 

reported under pulse operation. This result forms a basis for combing large-scale 

monolithic integration of Si photonics with mature CMOS technology and is 

believed as a milestone on the route towards realising practical Si-based PICs. 

Chapter 5 presents further studies related to APB nucleation, propagation and 

interaction with TDs. It is proposed that the strong intra-bonding atom of Al bends 

the propagation of some APBs and promotes their self-annihilation in the 

Al0.4Ga0.6As NL, leaving a lower density of APBs propagating towards the GaAs 

buffer layer. The quality of the GaAs buffer layer is enhanced when an 

Al0.4Ga0.6As instead of a GaAs NL is used, evidenced by an improved PL intensity. 

The mechanism of APB annihilation during the three-step GaAs buffer layer 

growth is also studied. The reconfiguration of the APB propagation planes 

depends on the increase in temperature to provide enough thermal energy. 
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Besides, the orientation-dependent diffusion length of Ga adatoms ensures the 

kink of APBs is in a demanded direction for successful APB annihilation. In the 

last, the interaction between APBs and TDs is discussed. APBs bend the 

propagation of TDs from {111} to {110} planes. The appearance of the periodic 

array of APBs provides traps for TDs to self-annihilate. Hence, a dramatic 

reduction in TDD from 1010 to 9×108 cm-2 is observed in the presence of ordered 

APB arrays.   

6.2. Future Work 

Although we have demonstrated all-MBE grown InAs/GaAs QD lasers both on 

offcut and on-axis Si substrates, further improvements of laser performance are 

necessary. Besides, quantitative theoretical models related to APB propagation 

need to be carried out in the future to provide insight into the optimisation of the 

APB-free GaAs/Si (001) platform. The detail of future work is introduced in the 

following sections. 

6.2.1.  Optimisation of InAs/GaAs QD Lasers Grown on Ge/Si 
VSs 

We have demonstrated InAs/GaAs QD laser grown Ge/Si VS with operating 

temperature up to 130 °C without optimising the laser structure and the Ge buffer 

layer. Although the initial results reported for this laser is superior to the previously 

best-reported record (120 °C) achieved for Si-based InAs/GaAs QD laser in our 

group [1], the implemented intrinsic thin Ge buffer layer is un-optimised. Our study 

indicates that a thin Ge buffer layer with a smoother surface and lower TD density 

can be achieved by n-type doping (Sb). A straightforward improvement of laser 

performance can be realised by using the Sb-doped Ge buffer layer. Besides, a 

new phosphorus (P) dopant cell has been added to the Group IV MBE recently, 

and thus the choice of n-type doping is more flexible. Since P has higher solubility 

and lower diffusivity than Sb in Ge, the LT Ge seed layer can be doped with a 

higher P than Sb concentration at the same growth temperature [2, 3]. Hence, TD 

motion is further enhanced to promote TD self-annihilation [4, 5]. Therefore, the 
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thin Ge buffer layer is expected to achieve lower TDD when heavily doped with P 

(~1019 cm-3).   

In addition to the material improvement in the thin Ge buffer layer, the optimisation 

of InAs/GaAs QD growth and laser fabrication process is applicable for QD lasers 

grown on both offcut and on-axis Si substrates. The QDs growth can be optimised 

in terms of growth temperature, V-III ratio, InGaAs capping layer to achieve high 

density and high uniformity.  

The laser structure can be further optimised by applying high-reflectivity (HR) 

coatings on facets to obtain high gain and low threshold current density [6]. A 

narrow ridge laser structure is expected in the future to deliver lower heating in 

the active region and fewer modes in the laser spectrum, which are desirable for 

telecommunication. It is also interesting to examine the laser device under a wider 

temperature range in the future to test the laser performance under some extreme 

circumstances. 

6.2.2.  Optimisation of InAs/GaAs QD Lasers Grown on GaAs/Si 
(001)  

This thesis demonstrates 1 µm-thick APB-free GaAs grown on COMS-compatible 

on-axis Si (001) substrates using parallel Si S steps. Based on this APB-free 

GaAs/Si (001) platform, an InAs/GaAs QD laser device is developed and 

fabricated. However, the laser device is limited by pulsed operation. Further 

improvements in laser performance are expected by optimising the APB-free 

GaAs buffer layer and DWELL active region to achieve CW operation. The 

enhancement of the QD active region and laser device are the same as discussed 

in InAs/GaAs QD laser grown on Ge/Si VS. Moreover, the p-type modulation 

doping is proposed in InAs/GaAs QD active region to improve the temperature 

performance of the laser devices [7-10].   

In the following subsections, the optimisations of the APB-free GaAs/Si (001) 

platform are stressed. 

Nucleation Layer 

In Chapter 5, we have demonstrated the superiority of Al0.4Ga0.6As over GaAs NL. 

A lower APBs density is achieved when Al0.4Ga0.6As NL is implemented. In future 
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growth, a comparison study of using different Al compositions in AlGaAs NL will 

be conducted, aiming at finding the best composition to suppress the propagation 

of APBs. The InAs/GaAs QD laser devices monolithically grown on the Si buffer 

layers using optimised AlGaAs NL will also be fabricated and investigated.  

GaAs Growth Method 

In addition to NL, the three-step GaAs growth method requires an optimised 

design to achieve the APB-free GaAs buffer layer as thin as possible to reduce 

the whole buffer layer thickness. As discussed in Chapter 4, Section 4.3.2, the 

thick LT and mid-temperature (MT) GaAs layer may be unnecessary since APB 

propagation at these low growth temperatures follows the energy-favourable {110} 

planes without contributing to APB-annihilation. The thickness of the LT and MT 

GaAs layer shall be further reduced. Besides, the insertion of a temperature stage 

between MT of 420 °C and HT of 580 °C is necessary to carefully monitor the 

reconfiguration of APB propagation planes, which sufficiently promote the APB 

annihilation. During the temperature ramping process, a slower ramping rate is 

required to suppress the thermodynamic equilibrium. The correlation between 

temperature ramping rate and APB-kink probability shall also be studied to 

determine the optimised growth parameter that enables APB-free GaAs within a 

few hundred nanometres. 

Moreover, the presence of periodic {110} APBs contributes to TDD reduction. The 

trade-off between GaAs layer thickness that promotes full-annihilation of APBs 

and the density of TDs is worth researching. Eventually, a thin APB-free GaAs/Si 

(001) platform with low TDD is expected. Based on this platform, a high-

performance high-yield InAs/GaAs QD laser grown on CMOS-compatible Si (001) 

with an overall thickness below 5 µm is feasible, enabling the realisation of Si-

based PICs.   

6.2.3.  1.3 µm InAs/GaAs QD Lasers Grown on SOI Substrates 

We have successfully demonstrated a 1.3 µm InAs/GaAs QD laser grown on a 

CMOS-compatible Si (001) substrate. In future work, we wish to exploit our 

current III-V QD laser grown on Si (001) technology to develop wafer-scale 

monolithic integrated III-V photonic circuits, including a laser and Si waveguide. 
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The schematic diagram of this integrated circuit is shown in Figure 6.1. The 

silicon-on-insulator (SOI) substrate is deeply etched to Si (001) substrate with an 

etching size of few millimetres in length and few micrometres in width. The 

etching process will be performed by our collaborators from the University of 

Southampton. In general, the etched Si surface may not be smooth enough for 

III-V growth, and contaminations are present on the Si surface. A Si buffer layer 

will be deposited on the etched-SOI substrate by selective-area growth to smooth 

the Si surface and bury the contaminations, followed by implementing a high-

temperature long-time annealing process to promote Si surface reconstruction. 

As a result, periodic Si S steps are formed on the surface. Sequentially, the 

optimised three-step GaAs buffer layer growth along with the InAs/GaAs QD laser 

structure will be performed afterwards [11, 12]. The QD structure will be etched 

to form a laser device. The facet qualities of the laser device are of great 

importance because imperfectly etched facets result in increased loss and 

reduced coupling efficiency. During the structure design, the coupling of light from 

the laser into a waveguide is vital. The InAs/GaAs QD active region will be 

designed carefully to be lined up with the Si waveguide core for direct coupling. 

 

 

Figure 6.1 Schematic diagram showing an InAs/GaAs QD laser grown within a 

trenched SOI substrate. 
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