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Abstract 

 

Si-based light emitting sources are highly demanded for applications in optoelectronic 

integration circuits.  Unfortunately, Si has an indirect bandgap and thus a low efficiency in 

photon emission. On the other hand, III–V semiconductors have superior optical properties and 

are considered as strong candidates to achieve efficient light emitting sources on Si platforms 

via wafer bonding or monolithically epitaxy growth. III–V materials monolithically grown on 

Si substrate could introduce various types of defects including antiphase domain, threading 

dislocation, misfit dislocation. These defects must be dealt with satisfactorily in order to fulfill 

the potential of III–V/Si integration. In this thesis, buffer layers for InAs/GaAs quantum dots 

(QDs) monolithically grown Si substrate have been investigated. The buffer layer study is 

mainly focused on the different types of defect filter layers (DFLs). The measurements of 

atomic force microscopy, photoluminescence and transmission electron microscopy are carried 

out to investigate the effectiveness of each type of DFLs. The results of lasers and 

superluminescent diodes (SLDs) have been presented based on the studies of DFLs.  

  

In order to improve the performance of InAs/GaAs QDs grown on Si substrates, a GaAs buffer 

layer and DFLs have been used to reduce the defect density from ~1010 to 106 cm-2 after three 

sets of DFLs, which consists of strained layer superlattices (SLSs). In the thesis, the 

optimisation of DFLs has been carried out. Different types of DFLs are investigated in the 

Chapter 3, including InAs/GaAs QDs, InGaAs submonolayer QDs, InGaAs/GaAs SLSs and 

InAlAs/GaAs SLSs. DFLs made of InAlAs/GaAs SLSs show the strongest performance, based 

on the measurements of atomic force microscopy, photoluminescence and transmission 

electron microscopy. The high performance InAs/GaAs QDs lasers with low threshold current 

density (194 A/cm2) and high operating temperature (85˚C) has been obtained for the samples 

with optimised DFLs. 

 

In addition to III–V/Si lasers, III–V SLDs monolithically grown on silicon substrates would 

further enrich the silicon photonics toolbox, enabling low-cost, highly scalable, high-functional, 

and streamlined on-chip light sources. In this thesis, the first InAs/GaAs QD SLDs 

monolithically grown on a Si substrate have been demonstrated based on the similar growth 

structure of laser devices. The fabricated two-section InAs/GaAs QD SLD produces a close-
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to-Gaussian emission spectrum of 114 nm centred at ∼1255 nm wavelength, with a maximum 

output power of 2.6 mW at room temperature. 

 

The optimisation of InGaAs/GaAs SLSs DFLs has been carried out in the Chapter 5. The 

optimisation includes introducing different growth methods into GaAs spacer layer between 

each set of DFL, indium composition and GaAs thickness in InGaAs/GaAs SLSs. The 

optimisation is examined by atomic force microscopy, photoluminescence and transmission 

electron microscopy. The laser device with optimised InGaAs/GaAs SLSs DFLs has a lower 

threshold current density, higher operating temperature and characteristic temperature.  

 

In conclusion, InAs/GaAs QDs lasers with low threshold current density and the first QDs 

SLDs monolithically grown on Si substrates have been demonstrated. InAlAs/GaAs SLSs 

DFLs have been proved that as considerable solution to reduce the threading dislocation density 

significantly. The optimisations of InGaAs/GaAs SLSs DFLs successfully improve the QDs 

laser performance which could also be used in III–V/Si monolithically integration. The III–V 

QDs lasers and SLDs monolithically grown on Si substrate are essential steps for Si photonics 

integration, which will fill the “holy grail” of opto-electronic integration circuits. 
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Figure 3.19 Threshold current density against temperature for InAs/GaAs QDs laser based on 

Si substrate.  

Figure 4.1 L-I measurment of a typical light emit source to distinguish LED, SLD and laser.  

Figure 4.2 Temperature Dependent PL measurement of temperature optimised InAs/GaAs QDs 

monolithically grown on Si substrate with InAlAs/GaAs SLSs DFL.  

Figure 4.3 Arrhenius plot of integrated PL intensity against the reverse of temperature of 

InAs/GaAs QDs based on Si substrate.  

Figure 4.4 Power Dependent PL measurement of temperature optimised InAs/GaAs QDs 

monolithically grown on Si substrate with InAlAs/GaAs SLSs DFL 
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Figure 4.5 PL measurements of InAs/GaAs QDs on Si substrates with 10 K temperature 

condition and 60 mW power input.  

Figure 4.6 Normalised power dependent PL measurements of InAs/GaAs QDs on Si substrate 

under the 10 K temperature condition. 

Figure 4.7 1μm×1μm InAs/GaAs QDs AFM images with dot density 4.13 × 1010 cm-2  

Figure 4.8 5μm×5μm InAs/GaAs QDs AFM images with defects density 6 × 109 cm-2  

Figure 4.9 PL comparison of different temperature growth of QDs by MBE.  

Figure 4.10 High resolution TEM image of 5 layers of InAs/GaAs QDs grown on Si substrate 

without any defects.  

Figure 4.11 Schematic diagram of InAs/GaAs QDs SLD grown on Si substrate with two 

sections: gain and absorption. The N type GaAs contact were etched  

Figure 4.12 L-I characteristic of InAs/GaAs QDs laser grown on Si substrate under pulsed 

operation at room temperature. The inset shows the lasing  

Figure 4.13 Output power spectrum as a function of the injection current under pulsed operation 

(5% duty-cycle and 10 µs pulse-width) measured at room temperature.  

Figure 4.14 Plot of the evolution of the full-width half maximum and the centre wavelength 

against the injection current 

Figure 4.15 L-I characteristic measurements of InAs/GaAs QDs SLD monolithically grown on 

Si substrate under pulsed mode with temperature range from 20 to 40 ˚C (inset). 

Figure 5.1 Figure 5.1 Schemtic diagram of  InAs/GaAs QDs monolithically grown on Si 

substrate with 3 sets of InGaAs/GaAs SLSs DFLs.  

Figure 5.2 Two different growth methods of DFLs 

Figure 5.3 1 μm × 1 μm AFM images of InAs/GaAs QDs. Images (a) to (f) are corresponding 

to sample A to F from table 5.1. 

Figure 5.4 5 μm × 5 μm AFM images of InAs/GaAs QDs. Images (a) to (f) are corresponding 

to sample A to F from table 5.1 

Figure 5.5 Room-temperature PL spectrum comparison of growth method I (sample A) against 

growth method II (sample B). 

Figure 5.6 Room-temperature PL spectrum comparison of indium composition 18% (sample 

B), 16% (sample C) and 20% (sample D) 

Figure 5.7 Room-temperature PL spectra comparison of GaAs thickness in InxGa1-xAs/GaAs 

SLSs 10 nm (sample B), 9 nm (sample E) and 8 nm (sample F). 

Figure 5.8 Comparison of FWHM for sample A to F.  
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Figure 5.9 Transmission electron microscopy of (a) InAs/GaAs QDs; (b) 5 layers of InAs/GaAs 

QDs embedded within InGaAs/GaAs quantum well. 

Figure 5.10  (a) dark-field TEM cross-sectioanal TEM iamges of three layers of (b) bright-field 

TEM corss-sectional Tem images of DFLs on GaAs buffer layer and Si substrate; 

Figure 5.11 Plot of sample A, B, C and D’s efficiency of filtering dislocations at different layer 

of DFLs. 

Figure 5.13 Single facet output powers against current density for laser sample L1 under pulsed 

mode (1% duty cycle and 1μs pulse width) 

Figure 5.12 Schematic diagram of InAs/GaAs QD laser monolithically grown on Si offcut 

substrate. The p and n contact layer both face up.  

Figure 5.14 Single facet output powers against current density for laser sample L2 under pulsed 

mode (1% duty cycle and 1μs pulse width) 

Figure 5.15 Lasing spectrum of sample L2 at room temperature. The emission peak is at 1280 

nm. 

Figure 5.16 Temperature dependence of the threshold current densities under pulse operation 

of laser sample L1 and L2. 

Figure 6.1 Cross-section schematic diagram of InAs/GaAs QDs grow on Si substrate with 

pattern of SiNx waveguide. 
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Chapter 1 

 

 

Introduction 

 

 

1.1 Introduction 

1.1.1 Si Photonics 

The demonstrations of Si microelectronic devices including transistors, amplifiers, modulators 

have brought an incredible impact to the world for the last 50 years. About 95% of all 

semiconductor devices are fabricated on Si substrates [1]. Moore’s law predicted the number 

of transistors on a single chip would be doubled every 2 years (or 18 months), which have been 

right for the last 50 years, as shown in Figure 1.1. However, copper connection is limiting the 

development of transistor integration on the Si platforms [2]. The major limitation of copper 

interconnections in the chip-to-chip system is the loss introduced at high frequency. For 

example, the common copper trace material losses of ~0.15 – 1.5 dB/inch and ~2.0~3.0 dB/inch 

are incurred at 5 and 12.5 GHz, respectively. Insertion loss, return loss and cross talk all can 

be significantly enhanced in the higher frequency and the loss is difficult to be coped with due 

to the electromagnetic interaction between components of circuits [3]. In addition, the lower 

energy consumption and the higher speed of transmission are the advantages of using optical 

signals [4]. The Si photonics could provide the driving force in the next stage of intra-chip 

connection [5, 6] due to the high possibility of compatibility of current CMOS technique and 

photonics integration circuits on Si platform. Indeed, Si photonics has attracted much attention 

over the last 30 and extensive support from the industry. 

 

Optoelectronic integration could be a promising solution to overcome the high loss on Si 

microelectronic circuits with the high speed of photon transmission and low energy 

consumption in devices. Very-large-scale-integration (VLSI), especially the optoelectronic 
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(OE-VLSI) technique on Si platform is proposed as a future technique which can be applied in 

electronic devices. The photonic devices integrated on Si substrates could be operated at 

different wavelengths, which include emitter, modulator, wave-guide, and detector. The 

important advantages of the Si platform are the low cost and potentially industrial integration. 

The strong foundation of Si industry has provided huge motivation to researchers into 

developing Si photonics. 

 

   

Figure 1.1 Moore’s law proves the development of numbers of transistor in unit area [7]. 

The number of transistor in the microprocessor doubles every 2 years since 1970s.  

 

Not only Si, but also the rest of group IV materials also provide the possibility for OE-VLSI. 

Ge-Si alloy has direct bandgap and it also can be fabricated as complementary metal–oxide–

semiconductor (CMOS). Compound III–V materials also have suitable bandgap and high 

electron mobility to produce high performance devices including metal–oxide–semiconductor 

field-effect transistor (MOSFET), CMOS, lasers, amplifiers and detectors. Therefor, 
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Integration of III–V materials and optoelectronic devices on the silicon platform will bring the 

advantages of III–V materials to Si platforms.  

 

1.1.2 The Challenges in Si Photonics 

The light emitter on silicon is considered as the “holy grail” to Si photonics, due to the indirect 

bandgap of Si materials. Figure 1.2 presents the energy bandgap of InP and Si bulk material in 

k-space, which indicates the indirect bandgap property of Si bulk material. In the direct 

bandgap structure, the electrons recombine with holes and photons emit if the momentum is 

same between electrons and holes and vice versa. Si bulk material cannot produce photons 

efficiently due to the high ratio of Auger recombination. However, as a well-established 

semiconductor material, Si-based light emitting devices are unmissable for Si photonics.   

 

Figure 1.2 K-space energy bandgap structures of InP and Si bulk material with direct 

and in-direct bandgap. In the Si bulk material, high ratio of Auger recombination is the 

main issue of low efficiency of photon emitting from Silicon [8].  

 

Until now, Si-based amplifiers, modulators, waveguides, and photodetectors have been well 

established and some of them are even commercially manufactured. However, high 

performance on-chip light-emitting devices are still missing in the optoelectronic integrated 

circuits toolkit. The indirect bandgap of Si and Ge will significantly reduce the radiative 

recombination, which means the low efficiency of photon emission in Si and Ge bulk material. 
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One of the solution is to use Ge-Si alloys, which could achieve a direct bandgap due to strain 

shrinks the bandgap to become direct and a Ge-Si based laser has been reported [9]. In addition, 

there are also other solutions to the Si-based light emitting sources, including Si Raman lasers, 

Si hybrid lasers and III–V lasers monolithically grown on Si platforms. The introduction of 

these approaches and also other types of silicon-based lasers will be presented and discussed 

later in this chapter.  

 

1.2 Semiconductor Material Properties 

1.2.1 Introduction to III–V Semiconductors 

The reasons that III–V semiconductor materials are one of the main driving forces of new 

semiconductor materials are their superior electronic and optical properties. High-electron-

mobility transistor (HEMT) [10, 11], high-performance semiconductor light emitters and other 

electronic and optoelectronic devices have been realised on GaAs, GaSb, InP substrates [12, 

13]. Commercial semiconductor lasers, which have been applied in telecommunication, are 

well established on InP and GaAs substrates. The HEMTs on GaAs [14, 15] and InP [16] 

substrates also have been widely used in mobile phones. In principle, most of III–V materials 

have direct energy bandgaps and high carrier mobility, which are attractive to both electronic 

and optoelectronic devices.  

 

In comparison with III–V materials, II-VI materials are also able to have bandgap spanning 

over a wide energy range and covers from ultra-violet (ZnS) to mid-infared (HgTe) as shown 

in Figure 1.4 [17, 18]. However, the highly toxiciy of II-VI materials brings the concerns to the 

research and application. Moreover, III-V materials provide better light-emitting devices 

performance on infrared light emitting. The growth methods used for producing of III–V 

materials include chemical and physical methods. III–V materials can be grown by molecular 

beam epitaxy (MBE), chemical vapour deposition (CVD) or vapour phase epitaxy (VPE) 

methods. MBE growth brings high-purity and precise control of materials, however the growth 

rate is relatively lower than CVD and VPE. The details of MBE growth will be presented in 

chapter 2.  

 



25 

 

 

Figure 1.4 Lattice constant (x-axis) with units of nanometre versus energy gap (left) and 

wavelength (right) of different III–V and II-VI materials [19]. III-V semiconductor 

compounds have wavelength range from visible to mid-infrared and II-VI materials have 

longer range from UV to mid-infrared.  

 

The bandgaps and the relations to lattice constants of III–V materials have been introduced in 

table 1.1 and Figure 1.4, which show that III–V alloys with arsenic allow infrared emission. 

Arsenic is an excellent material for infrared devices and its epitaxial growth has been well-

studied. The 7% lattice mismatch between InAs and GaAs could be used to form InAs/GaAs 

quantum dots (QDs), which could give emission at 1.3 μm, a silicon absorption window and 

telecommunication wavelength. Also by introducing the phosphorus and antimony to GaAs, 

the InAs/GaAs quantum dots could able to emit 1.5 μm by lowering the strain of GaAs and 

InAs interface [20]. GaAs has been proved as a great buffer material on Si substrate [21]. 

However, the 4% lattice mismatch of GaAs and Si will introduce dislocations and it can be 

dealt with dislocation filter layers. The lattice constant of GaP (5.4505 Å) and AlP (5.451 Å) 

are close to Si (5.431), which makes  them suitable candidates for a III-V buffer on Si substrate 

[22]. InP based opto-electronic devices are well-established for commercial lasera, detectors 

and optical transceivers working on 1.5 µm wavelength. InSb material is mainly used in mid-

infrared application, especially detectors, and its high electron mobility attracts researchers to 

work on HEMT. GaSb can also be used as III-V buffer on Si substrate [23].  
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Physical 

Properties at 

300 

K/Materials 

Si Ge GaAs InAs GaP InP GaSb AlSb InSb 

Bandgap 

Energy (eV) 

1.12  0.661  1.424 0.354 2.26  1.34

4 

0.726 1.6  0.17 

Lattice 

Constant (A) 

5.43

1 

5.658 5.653 6.058 5.450

5 

5.86

9 

6.096 6.135 6.479 

Electron 

Mobility 

(cm2/V/s) 

1400 3900 8500 40000 250 5400 3000 200 77000 

Hole Mobility 

(cm2/V/s) 

450 1900 400 500 150 200 1000 400 850 

Melting 

Point(°C) 

1412 937 1240 942 1457 1060 712 1080 527 

Thermal 

Conductivity 

(Wcm-1°C-1) 

1.3 0.58 0.55 0.27 1.1 0.68 0.32 N/A 0.18 

Thermal 

Expansion 

Coefficient (10-

6°C -1) 

2.6 5.9 5.73 4.52 4.65 4.6 7.75 N/A 5.37 

Table 1.1, table of different semiconductor materials’ physical properties, which are all 

important factors to semiconductor device epitaxial growth, processing and performance. 

 

1.2.2 Basic Quantum Mechanics of Semiconductor 

As a solid-state material, a semiconductor is able to emit photons by recombination of electrons 

from the conduction band with holes from the valence band to produce photons with energy 

                                 𝐸 = ℎ𝜈                                         Equation 1.1 

Where E is the energy between conduction band and valence band, h is Planck constant and υ 

is the frequency of photons. If the electron is confined in an infinite potential well along z-
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dimension, then it is free to travel among the x and y-dimensions. The energy for a continuum 

of states could be expressed as  

                                                    
ℏ2

2𝑚
  (𝑘𝑥

2 +  𝑘𝑦
2)                                       Equation 1.2 

Where m is the effective mass of the particle, ħ is reduced Planck constant, k is the wavevector 

components in x and y directions.  

 

  

 

Figure 1.3 Photon emissions with electrons decay from conduction band (CB) to valence 

band (VB). The photon in the term of energy is related to its wavelength. Shorter 

wavelength can be obtained from a higher energy separation.  

 

1.2.3 Quantum Confinement of Materials in Different Dimension. 

QDs are zero-dimensional material structures with three-dimensional quantum confinement. 

The densities of states of bulk, quantum well, quantum wires and quantum dots materials, are 

presented in Figure 1.5. The particle will be quantum confined when the size of particle 

movement is limited by its own de Broglie wavelength λ ≅   ℎ/𝑝, where p is the momentum 

of the particle equal to the mass of particle multiple velocities. The densities of states (DoS) 

will be modified from that of bulk condition if quantum confinement applied. For the bulk 

materials, the DoS are continuously due to their being no quantised levels for electrons. The 

equation of energy for a continuum of state bandgap should be 

E = (
ℏ2

2𝑚
) (𝑘𝑥 + 𝑘𝑦 + 𝑘𝑧)                                       Equation 1.4 
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where m is the mass for electron; k is the wavevector component in the x, y, z three direction. 

Consider an infinite boundary along z-dimension, a potential well to confine the particle 

between the distances L, the wavefunction of particle must be  

Ψ = {
0

𝐴 sin
𝑛𝜋

𝐿𝑧
  } , 𝐸𝑛 =  

ℏ2

2𝑚
 (

𝑛𝜋

𝐿𝑧
)

2

 

𝑘 =
𝑛𝜋

𝐿
, 𝑛 = 1, 2, 3, …                                  Equation 1.5 

 

Figure 1.5 Density of states (DoS) with different dimensions of quantum confinement. In 

the 0D material, the DoS is discrete for QDs.  

 

1.2.4 Quantum Dots  

As a 0-D material, the energy levels of a QD are quantised due to the 3-D quantum confinement, 

so the DoS are discrete as Figure 1.5. A QD is a nanocrystal made of semiconductor materials 

that is small enough to exhibit quantum mechanical properties. Consider the quantum 

confinement at three dimensions is  
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                                            𝐸𝑎,𝑏,𝑐 =  
ℎ2𝑎2

8𝑚∗𝐿𝑥
2 +

ℎ2𝑏2

8𝑚∗𝐿𝑦
2 +

ℎ2𝑐2

8𝑚∗𝐿𝑧
2                         Equation 1.6 

where (a, b, c) = 1, 2, 3, 4…. The spatial sizes of QDs defined by Lx, Ly and Lz, which ensure 

that it is confined in three dimensions and no continuous energy term in QD. m* is effective 

mass. The separated energy levels of QDs help to trap the carriers in the structure so that 

thermal escape is reduced compared with QW. Another advantage of QD material is the low 

threshold current density of laser devices due to the carriers being confined stronger in the dots 

structure [24, 25]. Moreover QD is a promising solution to handle the high temperature 

operation due to its delta function like DoS [26]. Also the insensitivity to defects is enhanced 

in QD compare with QW. The dislocations including threading dislocation and misfit 

dislocations could easily damage the carrier transmission in the laser device, which in turn 

leads to significant degradation of lasing performances III–V on Si platform epitaxial growth 

will introduce a huge amount of threading dislocations (~1010 cm-2). In the QW laser structure, 

a large portion of non-recombination centres are created due to the propagation of dislocations 

through the active region. However, for a laser diode with QD active region, the influence of 

the as only QDs directly affected by the propagation of dislocations are destoryed and the rest 

could still remain functional normally. Nonetheless, the effects of the dislocations on optical 

loss are same in both QDs and QWs  

 

1.3 The Background of Semiconductor Lasers 

As a high-power and high-efficiency light-emitting source, lasers have been studied and 

developed a number of years. Albert Einstein, the most famous scientist in last century, 

developed the theory of laser in 1930s, and defined the possibility of absorption, spontaneous 

emission and stimulated emission. In 1953 the first laser was established by N. Basov and 

Aleksandr Prokhorov from Soviet Union. Meanwhile, American scientist Charles Hard 

Townes and his students developed the first microwave operation but without continuous 

output. In 1957, Townes and Arthur Leonard Schawlow, from Bell Labs, achieved the infrared 

laser.  

 

Lasers have a wide range of applications, depending on the power output and operating 

wavelength. For the medical usage, a suitable power of laser could kill bacteria without 

destroying the human issues. Semiconductor is considered as an ideal material which can form 

different types of structures by doping: and most commonly, laser is achieved in the p-i-n 

structure.  
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1.3.1 Basic Theory of Semiconductor Light Emitting Devices 

As a mature technology of light emitting devices,Tthe operation principle of light emitting 

diodes (LED) is illustrated with the band diagram shown in figure 1.6. Without bias voltage, 

as figure 1.6 (a) shows, the depletion region is formed without hole and electron, which means 

that no recombination happens within the depletion region. The depletion region will shrink 

when bias voltage is applied  𝑉0 ~ 𝐸𝑔/𝑒 , which allows the electrons in the n-regions to 

recombine with holes in the p-region as shown in figure 1.6 (b).  The photon emission energy 

is Eg, with the interband transition of electrons and holes.  

 

Figure 1.6 Band diagram of a LED at (a) zero bias, and (b) forward bias Eg 

 

The acronym ‘laser’ stands for ‘Light Amplification by Stimulated Emission of Radiation’. 

The laser operation involves quantum mechanics of stimulated emission. Stimulated emission 

will increase the photon numbers by interacting photons with atoms of the medium, which 

cause optical amplification (gain).  

 

Three requirements for any lasing system are 

1. The gain medium 

2. Population inversion  

3. Pumping energy 
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For an incoming beam, the absorption process causes beam attenuation, in contrast, stimulated 

emission causes amplification. In the thermal equilibrium, as presented in the Figure 1.7, the 

occupation of populations will follow the Boltzmann equation 

                                                  
𝑁2

𝑁1
=  

𝑔2

𝑔1
exp(−

ℎ𝑣

𝑘𝐵𝑇
)                                             Equation 1.7 

where g1 and g2 are the degeneracies of levels 1 and 2 respectively, 𝑘𝐵 is Boltzmann constant. 

During thermal equilibrium, the stimulated emission rate (N2) is lower than the absorption rate 

(N1), which causes net beam attenuation. With the injection of pumping energy, the stimulated 

emission rate will be higher than the absorption rate which will cause net beam amplification. 

When there are enough injection of carriers, the population condition (N2 > N1) is achieved. 

Once the system achieves population inversion, the carriers will begin to oscillate.  

 

 

 

Figure 1.7 Diagram illustrating the occupation of states in a system with two levels at E1 

and E2 in left the thermal equilibrium and right the population is inverted (N2 > N1).  

 

1.3.2 Basic Semiconductor Lasers  

There are few types of semiconductor lasers, of which some have been commercialised, 

including the quantum cascade laser [27, 28], and vertical-cavity surface-emitting laser, 

 

1.3.2.1 Si Raman Laser 

The Si-based lasers that implanted with the Raman Effect have been developed by Intel. A 

continuous-wave (CW) operation mode has been achieved by S. Rong et al from Intel in 2005 

[29]. From the report by Rong, a CW emission around 1670 nm with slope efficiency 9.4% is 

achieved. The CW emission is operated with optical pumping at 1536 nm. The first cascaded 

Si Raman laser has been established in 2008 by the same group who created first CW operation 

Si Raman laser [30]. The second order emission of the cascaded laser is around 1880 nm and 
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output power exceeds 5 mw with optical pumping 1536 nm. The optical pumping limits the 

integration Raman lasers on Si platform.  

 

1.3.2.2 Edge-emitting III–V Semiconductor Laser Diode 

Regards to the excellent physical properties of III–V materials, GaAs, InP and GaN based laser 

diodes, which cover the emitting wavelength from visible to infrared regions, are well 

established.  In 1960s, scientists from United States used GaAs and GaAsP as the gain medium 

to create a laser working that operates at 77 K with threshold current density of 50000 A/cm-2 

[31-34]. Kroemer, the Nobel prize winner in Physics in 2000, believed the injected carriers 

diffuse out at the opposite side too quickly, which means the amplification process cannot occur 

at high temperature [35]. Then Kroemer proposed using two different semiconductor materials 

to create barriers to prevent electrons and holes diffusion between narrow-gap layer and wide-

bandgap as shown in Figure 1.8. The first double-heterostructure (DH) laser model is 

developed by Alferov in 1970 [36]  

 

In the mid- 1970s, it was discovered that quantum confinement, which can be achieved by 

controlling the thickness of semiconductor material, can change the wavelength of photon 

emitting. In this matter, the potential well plays two roles, namely, slab waveguide and confine 

electrons. In 1974, Dingle and his colleagues have observed the quantum confinement of states 

and then applied it to laser diode [37], the first optical pump quantum well laser was 

demonstrated by Ziel et al at 1975 [38], and then the electrical pumping operation was realised 

at 1978 by Holonyak et al [39]. However, the disadvantage of QW is the high sensitivity to 

dislocations which are emerged by lattice mismatched semiconductor materials.  
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Figure 1.8 Energy band diagram of DH laser. The narrow-gap material A prevents 

onward diffusion of carriers which will contribute to population inversion. 

 

The concept of three-dimensional quantum confinement laser, QD laser, was first proposed by 

Arakawa and Sakaki in 1982 and then developed by Asada in 1986. Compared with QW laser, 

QD laser has the properties of a lower threshold current density and stronger performance at 

higher temperature range due to its delta-function like density of states. QD laser has been 

widely studied by scientists since the development of self-assembled QD growth by Stranski-

Krastanow mode [40, 41]. 

 

1.3.2.3 Fabry-Perot Laser and Distributed Feedback Laser  

The two major types of laser diode, Fabry-Perot laser and distributed feedback (DFB) laser are 

fabricated as single output edge-emitting laser by applying different high-reflection mirror 

coatings. The outputs photons will be emitted from the smaller reflective index mirror coating. 
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Figure 1.9 Schematic diagrams of (a) Fabry-Perot laser and (b) Distributed Feedback 

Laser. The emitting spectrum has been presented on the right of diagram. As seen, DFB 

laser has narrower bandwidth than Fabry-Perot laser on lasing spectrum. 

 

Fabry-Perot (F-P) laser is the most common communication laser. The spectrum of laser 

emission will be presented as multi-mode as shown in Figure 1.9. To obtain the single mode 

laser, DFB laser uses optical grating to narrow the bandwidth of lasing spectrum. Bragg grating 

has been used commonly in DFB laser. The wavelength of lasing is filtered by the Bragg 

scatting. The schematics of F-P laser and DFB laser structure are presented in Figure 1.9. The 

coating of F-P laser is optional but DFB laser uses HR and AR coating on each of facet. 

 

1.3.2.4 Vertical-Cavity Surface-Emitting Laser 

Vertical-cavity surface-emitting lasers (VCSEL) have been widely used in the industry 

including in optical fibre transmission, computer mouse, and laser printing. VCSEL, represents 

one of the highest market shares in commercialised semiconductor laser. As shown in Figure 

1.10, a VCSEL has a number of layers of quantum wells stacked in the active region and a pair 

of distributed Bregg Reflectors (DBR) located parallel to the active laser medium. Generally, 

most of VCSEL devices are based on the GaAs platform and grow by MBE, MOVPE and 

MOCVD. The AlGaAs/GaAs DBR are suitable for the VCSEL system due to their lattice 

constant are similar with different composition. The emitting wavelength of VCSEL could 

cover from 650 nm to 1300 nm.  
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The first surface-emitting laser was reported by Haruhisa Soda, Kenichi Iga, Chiyuki Kitahara 

and Yasuharu Suematsu in 1979 [42], and the first CW laser operating at on room temperature 

was achieved by Fumio Koyama, Susumu Kinoshita, and Kenichi Iga in 1988 [43]. Axel 

Scherer and Jack Jewell patented the first semiconductor VCSEL in 1989 [44]. 

 

 

Figure 1.10 Schematic diagram of VCSEL. The active region is located between upper 

and lower Bragg reflector.   

 

To obtain higher refractive index contrast from an AlGaAs/GaAs DBR, higher concentration 

of Al is needed, but it will cause oxidation issues if there is too much Al. In order to obtain 

lower threshold current density, current is restricted so that two types of VCSEL have been 

developed, ion-implanted VCSELs and oxide-aperture VCSELs. Ion-implanted VCSEL 

introduces ion (normally H+) to implant into the VCSEL all the part of structure except the 

aperture, which could destroy the lattice structure around the aperture, and restrict the current. 

Another type of VCSEL is the oxide-aperture VCSEL, where aperture is covered by oxidised 

metal (for example oxidised Al), and thus current is restricted inside the VCSEL.   
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1.3.3 Si Based Lasers 

1.3.3.1 Si Hybrid Lasers 

Wafer bonding technique is known as a better method to solve the issues of defects caused by 

the monolithical growth of III–V materials on group IV platform. A. Feng et al have 

demonstrated successful Si based hybrid AlGaInAs-silicon evanescent laser with electrical 

pumping in 2006 [45] with a CW operated evanescent laser device bonding on SOI (silicon-

on-insulator). The laser devices were working under room temperature with 65 mA thresholds 

and around 1.8 mW output power. Wafer bonding technique is widely used and investigated 

by the researchers from UCSB and Intel. Wafer bonding technique has also been implemented 

in the opto-electronic integration. A. Goote et al reported a light emitting diode based on InP 

bonding with SOI substrate and emitted at four sections around 1300, 1380, 1460 and 1540nm 

[46].   

 

1.3.3.2 III–V Lasers Monolithically Grown on Group IV Platform 

Monolithic integration of III–V materials on Group IV platform is another solution to achieve 

highly efficient light-emitting devices. By using physical or chemical deposition method, high 

quality III–V materials can be grown on group IV platform including Si, Ge or Ge/Si substrate.

  

 

Compare d with Si hybrid laser, monolithically growth of III–V materials on Si has issue with 

high density of dislocations due to the lattice mismatch between III–V materials and Si. As we 

mentioned before, QW laser has poor performance on the highly lattice-mismatched material 

systems, however, the performance of InAs/GaAs QDs are much less sensitive to defects. The 

advantage of III–V materials could be migrated on Si and Ge platform . The III–V materials 

can be monolithically grown on group IV p latform using molecular beam epitaxy (MBE) 

technique, in whichn GaAs buffer layers on the top of a Si or Ge wafer, followed by the growth 

of the laser structures on the GaAs buffer layers. The thickness of GaAs buffer layer on Si 

wafer substrate is identical to release the strain due to the lattice mismatch between GaAs and 

Si [47]. InAs/GaAs quantum dots could achieve the photon spontaneous emission around 1.1, 

1.3 and 1.5 μm by implementing different strain using GaAs and GaAsSb layers [48, 49]. High-

performance light-emitting source including LEDs, lasers and superluminescent diodes (SLDs) 

based on III–V material have been well-established [50]. The quantum well and QD laser 

emission at 1.1, 1.3 and 1.5 μm could also be used on Si and Ge platform. In III–V material, 
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AlGaAs and InGaP can be used as cladding layer due to its high-energy bandgap property. 

AlGaAs is a promising method on GaAs because the lattice constant is similar to GaAs, which 

means fewer defects. Both quantum wells and QD can be considered as active region, that QW 

has narrow emission and QD has less sensitive to defects.    

 

Figure 1.11 InAs/GaAs quantum dot laser structure on Si n-type substrate.  

 

Substrates Jth 

(A/cm2) 

Operation 

mode 

Maximum 

operating 

temperature 

(ºC) 

Year 

 

Publishers 

Ge 55.2 CW 60 2011 H. Liu et al [51] 

Ge/Si 163 CW 30 2012 A. Lee et al [52] 

Ge/Si 141.6 CW 119 2014 A. Liu et al [53] 

Si 725 Pulsed 42 2011 T. Wang et al [47] 

Si 194 Pulsed 85 2014 M. Tang et al [54] 

Si 200 Pulsed 111 2014 S. Chen et al [55] 

Table 1.2 Recent results of InAs/GaAs QDs lasers monolithically grown on Si, Ge/Si and 

Ge substrate.  

 

In the work done at our group [51, 52] and UCSB [53], as presented by table 1.2, InAs/GaAs 

quantum dots laser monolithically grown on Si, Ge and Si/Ge have been demonstrated at high 
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performance. C.w. operated and high reliabiliable QD Lasers have been achieved on Si/Ge and 

Ge substrate [56], with low threshold current density as well. Figure 1.11 shows the quantum 

dot laser structure grow directly on Si substrate, which demonstrated low threshold current 

density at 194 A/cm2 and as high operating temperature 85 ºC.  

 

Very recently, Z. Wang et al have demonstrated InP DFB array laser on Si substrate however 

it only can be worked with optical pump [57]. They use v-grooved Si substrate to reduce the 

defects which is a smart choice. 

 

1.3.3.3 Group IV Lasers 

For the group IV laser, in 2014, optical pump operated GeSn laser on Si have been 

demonstrated by S. Wirths et al [58]. In the earlier time, the Ge/Si laser demonstrated by J. Liu 

et al in 2010 but struggling with the high loss on group IV materials system [59]. Indeed, lasers 

with quantum confinement also have opportunity to play an important role in silicon photonics. 

 

1.3.4 The Advantage of Epitaxy Growth 

Epitaxial growth could bring high quality to crystal growth. For MBE, the growth is running 

under an ultra-high vacuum (UHV) environment and the growth rate is controlled precisely by 

molecular beam. In a MBE system, compare with MOCVD system, high purity solid source 

(or gas source) (>99.99999%) could be used, while organic source and chemical reaction are 

used in MOCVD system. MBE also ensures the growth rate can be lowered to the 0.01 

monolayer per second (ML/s) level, which guarantees high accuracy of epi-layer thickness and 

composition during the epitaxial growth.  

 

The major issues related to the heteroepitaxial growth of III–V material on Si substrates are the 

defects propagating from the interface of the III–V material with the Si surface. The types of 

defects and their corresponding solutions are presented in the next chapter.  

 

1.4 The Defects of III–V Material Monolithically Grown on IV Platform 

The integration technique decides the performance of III–V devices on Si platform. Si hybrid 

lasers use a bonding technique to directly bond Si substrate and III–V material. However, there 

are a few disadvantages of bonding technique including the high threshold current density (Jth) 

[60, 61], high cost [62] and low yield.  
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III–V materials monolithically grown on Ge or Si substrates is another integration method. 

However, the main issues of this method are the defects in the heterostructure like GaAs/Si. 

Also in the heterostructure epitaxy growth, the lattice mismatch brings the trouble to devices 

by formation of dislocations into crystal.  

 

The defects can be classified by their dimensions. The 0-dimensional defects called point 

defects which normally caused by impurity and affects isolated sites in crystal structure. The 

1-dimensional defects are dislocations and 2-dimensional defects include grain boundaries and 

external surface. The 3-dimensional defects change the crystal pattern over a finite volume 

which includes precipitates. The precipitates are usually small volumes of different crystal 

structure and large voids. 

 

The point defects can be distinguished as two types, intrinsic and extrinsic. The intrinsic defect 

is an atom occupies an interstitial site where no atoms belong there, or an atom missing on its 

original position. The extrinsic defect is caused by impurity atoms. The point defects affect the 

resistivity of metals by conducting electron scattering and electronic conduction. On the optical 

side, more electrons states are introduced. 

 

 

 

Figure 1.12 The formation of misfit dislocation in the interface of Si/Ge 

 

The lattice mismatch between Si and Ge (4%) induced the edge misfit [63]. Figure 1.12 shows 

the mismatched Si atom which does not have Ge atom to connect. It will force the whole layer 

of Ge have misfit in the edge which is called misfit dislocation. The misfit dislocation cannot 

affect the crystal quality too much however it has the possible to produce threading dislocation 
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as a way to relive the internal stress. The effects of dislocations have mainly three parts. Firstly, 

the atoms along the dislocations are depleted because dislocations create huge amount of 

deeper states and occupied by majority carriers. Secondly, non-radiative recombination centre 

for minority carriers appeared due to the dislocations. Thirdly, hopping conduction will be 

appeared and leakage current increased. All these three effects degrade the performance of 

electronic and opto-electronic devices.  

 

Figure 1.13 shows the formation of antiphase domains boundary (APD) in polar to non-polar 

epitaxy grows. And Figure 1.14 shows the top-view morphology of APD measured by AFM. 

The APD is formed due to the impossible connection between As to As or Ga to Ga atoms, 

which will propagate through the whole structure without stopping [64, 65]. The two-step 

growth and off-cut substrate solve the problem by letting the APD elimination when they 

meeting together from two directions. The two-step growths can be achieved on Si substrate 

with (100) 4° oriented to <110> or Ge substrate with (100) 6° oriented to <110, which involve 

first a GaAs buffer layer grown at low temperature (400 ˚C) and growth rate (0.1 ML/s), and 

the rest of 970 nm GaAs grown at higher temperature and growth rate.  

  

Figure 1.13 The formation of APD by growing GaAs on Si substrate. The bonding 

between As atoms are impossible so that cracks appear during the polar to non-polar 

material growth.   
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Figure 1.14 AFM image of 200 nm GaAs on Ge (100) substrate grown by MBE system 

with full of APD.  

 

Another type of defects bothers the researchers in III–V monolithically grown on group IV 

platform is threading dislocation, which are normally caused by the strain at the interface 

between III–V material and group IV material. Figure 1.15 shows the high number of density 

of threading dislocations in the region near to GaAs/Si interface. The sample is grown by a 

MBE system with a two-step growth, First, 30 nm of GaAs layer is grown at low temperature 

(400 ºC) and the rest of the 970 nm GaAs is grown at higher temperature. The low temperature 

of GaAs growth can reduce the density of defects.  

 

 

Figure 1.15 TEM image of GaAs on Si substrate grown by MBE with threading 

dislocations. The high density of TDs is observed in the first ~50 nm GaAs buffer layer 

and largely in the 2nd step. The TEM image is measured by University of Arkansas. 
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1.5 Defects Filter Layer and Strained-layer Superlattices 

Before we design the DFLs, the mechanism of how dislocations ended needs to be explained. 

The dislocations can be ended by three methods, 1) it reaches the surface of crystal; 2) it 

encounter a perpendicular dislocations and eliminated by each other; 3) the resulting misfit 

dislocation array relieves a sufficient amount of misfit for the net glide force on the threading 

dislocation to drop to zero [66]. To dealt with TDs, we could let them increase the possibility 

to encounter each other by increasing the thickness of buffer. However the crack will be 

appeared when the thickness of buffer layers is over 3 m for GaAs on Si due to the different 

thermal expansion coefficient. It is necessary to introduce another layer to form arrays of misfit 

dislocations to encounter with TDs with enough net glide forces.  

 

In this sentence, SLSs have been considered as a significant method to reduce the effects from 

TDs by reducing the TDs density. As shown in figure 1.16, SLSs are formed with periodic two 

types of 2-dimensional semiconductor material with lattice mismatch for example InxGa1-xAs 

and GaAs, InxGa1-xN and GaN, the unrealised strained force is possible to change the TDs’ 

propagating direction. The arrows show their strain force direction which used to bend the 

direction of TDs’ propagating. Only the certain direction of strain force could successfully 

effect on the TDs. 

 

To optimise SLSs, the strain force is the most significantly part needs to be concerned. In 

general, the larger lattice mismatch of SLSs will introduce higher strain force, which will be 

more efficient to stop TDs’ propagation. However, the larger strain has more chance to create 

new defects as well, which means the balance between strain and defects is significantly 

important. Also the thickness of SLSs is important to how much the strain will be relived. For 

different SLSs materials, the atoms bonding energy needs to be considered as well. The higher 

bonding energy should able to let less TDs penetration.  
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Figure 1.16 SLSs formed by two types of lattice mismatched material.  

 

Until now, few methods of strained layer have been demonstrated based on different platforms 

including InGaN/GaNsuperlattice strained-layers (SLSs) on GaN substrates [67], 

InGaAs/GaAs SLSs and InAs/GaAs QDs on Si substrates [68, 69]. Figure 1.17 clearly shows 

the defects filter layers (DFLs) formed by three sets of SLSs reduce the density of dislocations 

significantly. In the beginning, the TDs went through GaAs buffer layers and then stopped by 

DFLs mostly. The direction of TDs is parallel to DFLs due to the strain force of SLSs. The 

mechanism of strained layer stop the dislocations is the large misfit stress acts to push 

dislocations out of the layer which the misfit stress comes from the lattice mismatched 

materials.  
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Figure 1.17 TEM image of three repeats of DFL, which is formed by 10 layers of 

InAlAs/GaAs SLSs. The dislocations are hard to find after two repeats of InAlAs/GaAs 

SLSs DFL. The TEM image is measured by University of Arkansas. 

 

1.6 The Organisation of the Thesis 

In this thesis, the main objective is to explore the details of fabrication and processing of 

InAs/GaAs QDs laser on Si substrates using InAlAs/GaAs SLSs DFLs. Low threshold current 

density lasers have been demonstrated in the thesis. Chapter 1 describes the motivation for Si 

photonics and the combination of InAs/GaAs quantum dots and Si platform. The background 

and principle of quantum dot lasers have been discussed also in this chapter.  

 

Chapter 2 illustrates the principles of equipment used in the experiment. MBE, as the most 

important facility in the research projects, used to monolithically grow quantum dots on Si 

substrates. The details of MBE are presented in this chapter, including components such as 

Reflection High Electron Energy Diffraction (RHEED), and different pumps. The operation of 

X-ray diffraction is mentioned, which measures the composition of ternary or quaternary alloy, 

the strain of semiconductor compounds. The principle and operation of atomic force 
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microscopy (AFM) and photoluminescence (PL), as two major characteristic measurements 

method will be discussed as well.  

 

Chapter 3 talks about the growth details of InAs/GaAs QDs on Si substrates which consists of 

GaAs nucleation optimisation, defect filter layers (DFLs) growth and InAs/GaAs QDs 

optimisation. TEM, AFM and PL are used to examine the crystal quality of devices. The study 

of different DFLs including InAs/GaAs QDs, InGaAs/GaAs SLSs and InAlAs/GaAs SLSs. 

The structures with different DFLs have been examined by PL, AFM and TEM. The laser 

devices with InAlAs/GaAs SLSs have been tested and discussed. 

 

Chapter 4 gives the study of the first superluminescent diode monolithically grown on Si 

platform by using MBE system. The TEM, PL and AFM are used to examine the crystal quality. 

L-I measurement is used to examine the superluminescense in the absorption section of device.  

 

Chapter 5 describes the optimisation of InGaAs/GaAs SLSs DFLs regards to three steps, 

improving GaAs spacer layer, modifying indium composition and GaAs thickness in 

InGaAs/GaAs SLSs DFLs. Two lasers have been fabricated based on the reference and 

optimised DFLs condition where L-I shows the improvements are significantly on optimised 

DFLs. 

 

Chapter 6 is the summary of the works since the start of my PhD study. The future work of 

InAs/GaAs quantum dot laser on Si will be mentioned.  
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Chapter 2  

 

 

Experimental Method 

 

 

In the III–V laser device fabrication process, Molecular Beam Epitaxy (MBE), Atomic Force 

Microscopy (AFM), Transmission Electron Microscopy (TEM), X-Ray Diffraction (XRD), 

Photoluminescence (PL) and Electroluminescent (EL) have been used during PhD period. The 

samples were processed in London Centre for Nanotechnology (LCN) cleanroom, which 

consists of the etching, metallisation, photolithography and other laser processing. In this 

chapter, the equipment which include growth, characteristic measurement and device 

fabrication will be introduced in details.  

 

2.1 Molecular Beam Epitaxy Growth 

2.1.1 Molecular Beam Epitaxy System 

Molecular beam epitaxy is a physical epitaxial growth method which implements molecule 

beam by heating the high purity (99.99999%) materials at particular temperature, so that the 

flux of beam, i.e., growth rate could be controlled precisely. MBE was first developed in the 

1970s [1]. Compared with MOCVD, MBE does not only offer high precision control of the 

layer composition and thickness, but also provides high quality materials, especially for Al-

containing III–V compounds. MBE works under ultra-high vacuum (UHV, 10-9 Torr) condition, 

which is obtained by using high power cryogenic pump (cryopump), ion pump and titanium 

sublimation pump. In general, a MBE system has three main chambers, loadlock chamber, 

buffer chamber and growth chamber. Loadlock and buffer chamber could store the wafers and 

bake them to different temperatures to degas of 200 ºC and 600 ºC respectively. The vacuum 

level of the loadlock chamber is slightly lower than the growth chamber, which is around 10-8 
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Torr. There is a vacuum valve between the buffer chamber and the loadlock chamber and also 

between the growth chamber and buffer chamber.  

 

 

 

Figure 2.1. Schematic diagram of growth chamber for MBE system, which has detailed 

components including effusion cells, shutters, RHEED, window, sample holder, CAR 

system etc [3].  

 

A schematic diagram of MBE system has been shown in Figure 2.1. In Veeco GEN-930 MBE 

system, nine effusion cells and two doping cells are filled with Gallium, Aluminium, Indium, 

Antimony, Phosphorus, Arsenic, Silicon and Beryllium, respectively. Reflective high-energy 

electron diffraction (RHEED) with fluorescent screen could examine the surface growth. 

Continuous azimuthal rotation (CAR) controls the wafer position in the chamber for growth, 

exchange, and calibration for beam flux gauge [2].  
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Figure 2.2 Veeco GEN 930 MBE system with phosphorus recovery system. Three 

chambers include loadlock, buffer and growth chamber. Cryopump and Turbo pump 

connected to loadlock chamber to vent and separate ion pump working on buffer and 

growth chamber. The growth chamber is kept at UHV condition by cryopump and ion 

pump.   

 

2.1.2 Veeco GEN 930 Molecular Beam Epitaxy 

We use Veeco GEN 930 MBE system which has four sections, growth chamber, buffer 

chamber, loadlock chamber and phosphorus recovery system. Figure 2.2 shows our Veeco 

GEN 930 MBE system in the cleanroom. The phosphorus recovery system is pumped by a 

turbo and scroll pump and cooled by liquid nitrogen (LN2). There is a vacuum valve between 

the main chamber and phosphorus recovery system. In this system, the machine is controlled 

by the operating system Molly developed by Veeco company.  

 

2.1.2.1 Loadlock Chamber 

In the loadlock chamber, turbo pump and cryopump combine with scroll pump, which could 

vent loadlock chamber to 10-9 Torr. The turbo pump and scroll pump could pump the loadlock 

chamber from atmosphere to 10-8 Torr level, while cryopump push the vacuum level to 10-9 

Torr. The loadlock chamber can be exposed to the air during the sample exchanging. A UHV 

valve has been set between the loadlock chamber and buffer chamber. The valve uses the metal-
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to-metal contact, which achieves the ultra-high vacuum condition in the buffer chamber (10-11 

Torr at best). One Ion Pump is connected to the buffer chamber to maintain the vacuum level 

in buffer chamber. There is a heating station in the buffer chamber which could be used to 

degas the wafers up to 600 ºC.  

 

A trolley, which has 8 spaces for 3-inch wafer is located in the loadlock chamber. The hatch 

door that contacts to air has an O-ring seal which can be baked to 200 ˚C and a copper gasket 

(10 inch) and standard blank flange are used to seal the quick hatch port. The loadlock chamber 

are used for outgas purpose and it can be heated by internal quartz lamps. The condition to 

bake the sample in loadlock chamber is 200 ˚C for more than 10 hours.  

 

2.1.2.2 Buffer Chamber 

One of the main function of buffer chamber is to isolate the UHV growth chamber and loadlock. 

Indeed, buffer chamber does the positive job to reduce the contaminations introduced to growth 

chamber from loadlock chamber because the loadlock chamber is kept at lower vacuum 

condition around 10-8 Torr and open to air during the sample changing.   

 

It can also be used to store the degassed wafers and the inside trolley can store 16 wafers 

maximum. The buffer chamber has a heating stage which can heat and degas the wafer up to 

600 °C. One residual gas analyser (RGA) is used to detect the gas molecules in the buffer 

chamber to examine contaminations during the period of degassing the wafers. To keep the 

UHV condition in buffer chamber, one ion pump is connected to the buffer chamber.  

 

2.1.2.3 Growth Chamber 

The growth chamber could ultimately reach the vacuum at 5 × 10-11 Torr level with CT-8 

cryopump and at 5 × 10-10 Torr with turbo pump, Ion pump and scroll pump. To monitor the 

chamber condition, a RGA and ion gauge has been connected to the chamber. A RHEED gun 

and phosphorus screen are connected to the chamber to examine the growth performance. The 

phosphorus screen is covered with metal in case arsenic coating. An infrared pyrometer is 

detecting the substrate temperature which is independent from the thermocouple in the 

continuous azimuthal rotation (CAR). The pyrometer is normally working at high temperature 

(>400 ˚C). Under the working temperature of pyrometer, only thermal couple can tell the 
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temperature to operators. The wafer is located and controlled by CAR which will be explained 

in section 2.1.2.5.  

 

In the Veeco GEN-930 MBE system, there are 11 cells, including two gallium sources, two 

indium sources, two aluminium sources, and three group V cells (phosphorus, arsenic and 

antimony). Each effusion cell has a shutter to control the flux on and off. Also in Veeco Gen 

930, there is a main shutter which can stop all cells’ flux. Due to the phosphorus can be 

explosive when the chamber opens to air, so a phosphorus recovery system has been designed 

by using high power pump and temperature difference to extract phosphorus from the growth 

chamber.  

 

2.1.2.4 Effusion Cells and crackers 

The effusion cells are face to the substrate during the growth with 30º. Each effusion cell 

contains high purity material with single element like gallium or indium. For III–V material 

MBE system, the effusion cells could have boron, gallium, indium, aluminium, and thallium. 

For the group III cell, the materials are contained in cells, with a shutter to control the on and 

off. However, group V materials need a cracker and bulk to control the temperature and a valve 

to adjust the flux of beam. The growth rate is controlled by both the temperature and valve of 

cells for group V materials.  

 

The effusion cell has a head assembly that contains the crucible, which shown in Figure 2.3. 

The cell is heated electrically through the power and thermocouple connectors.  The high purity 

material is contained within the crucible, which is made of pyrolytic boron nitride, tantalum, 

titanium, beryllium or quartz. The gallium and aluminium could destroy the crucible when the 

gallium and aluminium solidify.  
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Figure 2.3 Effusion cell of group III material with dual filament. The cell connects with 

the power and thermocouple connector [4].  

 

Arsenic cell has a zone which is used to crack the material in high temperature (Figure 2.4). 

The cracker could help Arsenic, Phosphor and Antimony to exchange between As2 and As4, 

Sb2 and Sb4, P2 and P4. The cell has bulk zone and cracking zone. The bulk zones store the 

large volume of the charge material and surrounded by cooling water for heat dissipation. The 

inside of bulk zone is crucible which assemblies with resistively heated filament. A refractory 

metal conductance tube is located in the cracking zone and a replaceable nozzle is used to 

improve the cracking efficiency uniformity. Both cracking and bulk zones are all controlled 

and monitored by thermocouple.  
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Figure 2.4 500cc Mark V arsenic valve cracker with bulk and cracking zone temperature 

controlled by thermocouple. [5] 

 

2.1.2.5 Continuous Azimuthal Rotation (CAR) 

The sample holder is controlled by CAR, which could ensure the sample is rotating clockwise 

or counter-clockwise during the growth and face different directions in the chamber as for 

various purposes, including loading wafers, measuring the flux and growth. The two rotations 

of substrate are controlled by two separate two motors. Behind the sample holder is the beam 

flux gauge, which can calibrate the growth rate.  

 

2.1.2.6 Phosphorus Recovery System 

The presence of phosphorus is the main issue of silicon-based growth because phosphorus 

could easily destroy silicon surface so as arsenic to germanium [6]. Moreover, phosphorus is 

dangerous when then chamber opens to air during maintance. The immediately react with 

oxygen will cause fire. However, cryopump does not have the function to pump phosphorus so 

that a secondary turbo pump and scroll pump are used here. During the growth period, the 

growth chamber is cooled by LN2 at -140 °C. After the growth, a small chamber named 

Phosphorous Recovery System is cooled by LN2 at -90 °C and growth chamber will be warmed 
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to room temperature, with opening a UHV valve between the growth chamber and phosphorus 

recovery chamber. Most of the phosphorus is vented into Phosphorous Recovery System, and 

react with oxygen and nitrogen for disposable purpose in the later stage.  

 

2.1.2.7 Reflective High Energy Electron Diffraction  

In the growth chamber, reflective high-energy electron diffraction (RHEED) is used to monitor 

the atomic surface reconstruction. The phosphorus screen could display the RHEED by 

showing its pattern. The patterns of RHEED show the surface of growing sample, as shown in 

Figure 2.5a. The RHEED also could be used to calibrate the growth rate by examining the 

intensity of RHEED in a particular point on the screen. In the rough surface, more scattered 

electron beams are observed by phosphorus screen like Figure 2.6. During the cycle of 

homoepitaxy growth, the formation of one monolayer could observe from the RHEED pattern. 

Moreover, RHEED patterns are also variable with the temperature change due to the surface 

reconstruction change at different temperature.  

 

Figure 2.5 RHEED pattern with different materials and surface morphologies: a, smooth 

surface GaAs on Si with 4-bys patterns; b, InAs/GaAs QDs with sharp pattern due the 3-

D physical shape of QDs 
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Figure 2.6 The variation of RHEED gun beam spotted on a growing surface, that surface 

is growing layer by layer and induced RHEED beam diffraction. Between the growths of 

each layer, a pattern changing from unfocused to focus could be obtained from the 

phosphorus screen.  

 

2.1.2.8 Ultra High Vacuum Pumping System 

Ultra-high vacuum in MBE system could ensure that low impurity background concentration 

to 10-14 cm-3, which ensure the devices to work at high performance [7]. In order to keep the 

high vacuum condition for MBE system, we use ion pump, titanium sublimation pump, scroll 

pump, turbo pump and cryopump together in our MBE system.  

 

Ion Pump and Titanium Sublimation Pump 

For III–V material growth, different types of gas species are captured chemically or physically 

by different types of pumps such as ion pump and Ti sublimation pump (TSP). The principle 

of ion pump is using ion to trap the gas particle (oxygen, nitrogen...) in the vacuum condition 

into titanium film, which provides a continuously active pumping surface. So ion pump and 

TSP are perfect for the keeping of UHV condition but cannot pumping the chamber to UHV 

from low vacuum efficiently.  
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In the GEN930 MBE system, we have two ion pumps and TSPs connected to buffer chamber 

and growth chamber separately. Buffer chamber needs ion pump and TSP to absorb the gas 

molecule from the buffer stage which the wafer degas.  

 

Scroll Pump and Turbo Pump 

In the MBE system, scroll pump normally connects with turbo pump together to pumping the 

chamber from atmosphere to 10-8 Torr level. During the pumping, the scroll pump will start 

first and pump the chamber to 10-2 bar and the turbo increases the vacuum level to 10-8 bar. 

The scroll pump operating in reverse is known as a scroll expander, and can be used to generate 

mechanical work from the expansion of a fluid, compressed air or gas. 

 

Cryogenic Pump  

The cryogenic pump or cryopump could vacuum the chamber to UHV condition. A helium 

compressor and cold head are inside the cryopump. The compressor is located remotely from 

the cryopump cold head that is mounted to the vacuum chamber. Helium-filled connecting 

lines link the cold head and compressor together. As a part of two-stage oscillation displacer, 

the cold head has the shape of cylinder which allows high pressure ambient temperature gas 

pass. The cryopump could regenerate when the displacer return stroke, a high pressure side 

valve closes and a low pressure side valve opens to allow the expansion of Helium through the 

regenerator material thereby cooling it.  

 

2.1.3 The Mechanisms of Molecular Beam Epitaxy Growth 

As a method of material deposition, MBE deposits material by very precise control. The atomic 

layer is formed by the beam flux deposition. The atoms formed layer by layer on a substrate, 

as shown in Figure 2.7. For the homo-epitaxy growth, the layer is formed with 2D-by-2D 

because there is no lattice difference. There are three types of growth method, Frank van der 

Merwe, Stranski-Krastanov and Wolmer-Weber growth, corresponding to layer-by-layer, 

layer-by-island and island-by-island, as shown in Figure 2.8. Homo-epitaxy growth is the type 

of layer-by-layer, which corresponding to Frank-van-der Merwe mode. During the Frank-van-

der Merwe mode growth, the atoms are absorbed on the substrate and migrate until meet a step 

edge where the potential energy is minimised. [8] InAs/GaAs Quantum dots are formed with 

Stranski-Krastanov mode, because the strain between InAs and GaAs could form island once 

http://en.wikipedia.org/wiki/Mechanical_work
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the strain force arrives critical point [9]. Wolmer-Weber island growth is the model of island-

by-island growth.  

 

 

Figure 2.7 Schematic diagram of MBE growth layer by layer. The atoms spotted on the 

sample surface and formed layer under the molecular beam pressure and substrate 

temperature [10]. 

 

 

Figure 2.8 Three growth modes, Frank van der Merwe, Stranski-Krastanov and Wolmer-

Weber growth which correspond to 2D-to-2D, 2D-to-3D, and 3D-to-3D growth. 

 

Solid-Vapour Equilibrium for Binary Compounds 

As the most frequent material used in MBE system, GaAs layer is formed by Ga atoms and 

As2 or As4. The reaction formula is, 

𝐺𝑎(𝑔) +  
1

2
 𝐴𝑠2(𝑔)  ⇌ 𝐺𝑎𝐴𝑠 (𝑠) 



63 

 

𝐴𝑠2(𝑔) ⇋  𝐴𝑠4(𝑔)                      Equation 2.1 

 

Where Ga and As are in gas phase in the UHV system but GaAs is in solid phase. The 

equilibrium constant is induced during the growth, which defined as  

𝐾𝑖 = exp (
∆𝑆

𝑘
) exp (

−∆𝐻

𝑘𝑇
) =  𝐾0𝑖 (

−∆𝐻

𝑘𝑇
)          Equation 2.2 

 

Where ∆S is the change in entropy associated with the reaction, ∆H is the entropy of the 

reaction, k is Boltzmann constant. The equilibrium constant represents the composition of the 

system at equilibrium. It could be assumed, the nucleation of GaAs on substrate depends on 

the substrate temperature. However, during the nucleation process, part of III–V material could 

sublimate when the temperature condition makes the reaction reversible.  The high V/III ratio 

could inhibit the effect of sublimation regarding to H. Seki et al [11]. As H. Seki mentioned, 

in the binary compounds, by considering the equilibrium partial pressure of group III material, 

the order for the sublimation temperature is   

AlP > AlAs > GaAs > GaP > GaSb > InAs > InP > InSb [12] 

Which means in the III–V heterostructure growth, the temperature is important. The The group 

III material growth rate has been described as Hertz-Knudsen equation, 

𝑟 =  𝛼
𝑉𝑐(𝑃𝐼𝐼𝐼

0 − 𝑃𝐼𝐼𝐼)

√2𝜋𝑚𝑘𝑇
                    Equation 2.3 

Where α is the sticking coefficient, Vc is the volume of a molecule of the growing crystal, 𝑃𝐼𝐼𝐼
0  

and 𝑃𝐼𝐼𝐼  are the pressure of the group III element incident on the substrate surface and the 

equilibrium partial pressure at the substrate surface, m is the molecular mass, k is the 

Boltazmann constant and T is the absolute temperature.  

  

2.1.4 MBE Operation 

2.1.4.1 Calibration 

The calibration of MBE determines the accuracy of growth rate and it effects on the device 

performance. In the MBE system, the calibration includes temperature and growth rate.  

 

There is an infrared temperature sensor to detect the temperature of wafer during the growth, 

which could have different reading from the temperature feedback from the thermal couple 

based on CAR. We use GaAs wafer oxidation temperature (580 ºC ±10) to determine the real 

temperature [13]. RHEED helps to observe the substrate dioxide progress with pattern change 
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from rough to sharp (figure 2.5). Because the possible reconstruction of GaAs are (2 × 4), (4 × 

2) and c(4 × 4) [14], RHEED pattern will shows the 4 bys (figure 2.5a) which is able to examine 

the surface morphology. To calibrate the growth rate of Ga, Al and In sources, GaAs, AlAs 

and InAs are homoepitaxy grown on their corresponding substrates. Based on RHEED pattern 

and oscillation cycle, we could calculate the growth rate as figure 2.6 shows.  

 

2.1.4.2 Sample Preparation 

The epi-ready wafers are fixed at the sample holder that contains Mo and Nb. The sample 

holder is particular designed to fit Veeco MBE system without indium bonding [14]. The 

sample holder could fix 3 inch and 2 inch wafers. A 4-inch wafer need to be cut to quarter to 

fit in the particular holder, as shown in Figure 2.9.  

 

Figure 2.9 Standard configuration for whole and partial wafers based on Veeco sample 

holder.  

 

The sample will be degassed at 200 ˚C for 12 hours at loadlock chamber. Loadlock chamber 

could degas 8 wafers maximum in one time which locates in one trolley. After the first low 

temperature degas, the samples are moved to buffer chamber and further degassed on the buffer 

stage at 400 ˚C for around 2 hours. Then it is ready to be deoxidized in the growth chamber. 
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For Si wafer, the substrate will be heat up to 1000 ˚C and for 20 minutes and for GaAs wafer, 

As valve need to be open once temperature over 500 ˚C and heat up to 580 ˚C for 8 minutes.  

 

 

2.1.4.3 Sample Growth Controlled by Software Molly 

To arrange the growth procedure, a receipt needs to be written in the MBE operating system - 

Molly. The Molly software automates the growth process by working from a recipe file, which 

describes the desired epitaxial layer structure to be grown. Moreover, manually control and 

override capabilities, data trending and logging to disk and simple but comprehensive system 

configuration and calibration are provided by Molly. 

 

2.2 Atomic Force Microscopy 

In order to examine the morphology of MBE grown sample, atomic force microscopy (AFM) 

has been used. Compare with other electron microscopy, AFM could provide a 3-dimension 

scan, which means, the roughness and attitude could be provided by AFM measurement. Figure 

2.10 shows the AFM images with 3-D InAs/GaAs QDs. 

Figure 2.10 (a), Three dimensional 1 μm2 AFM image of InAs/GaAs quantum dots grown 

on Si substrate. The QDs are 3-D in physical dimension with height range around 7 to 8 

nm.  (b)Two dimensional 1 μm2 AFM image of InAs/GaAs quantum dots on Si substrate. 

The colour bar scales the height.  

 

The basic AFM scanning has two modes, contact and non-contact. The mechanism of AFM is 

based on the atomic force between the cantilevers and samples. As shown in Figure 2.11, a 

laser beam is reflected at the top point of tip, and received by a photodiode, which is used to 
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measure the amplitude of vibration of tip. In the contact mode, the tip is scanning on the surface 

as the cantilever moving horizontally. In the non-contact mode, an electrical force has applied 

to cantilever and introduced a controllable frequent vibration. There is a small gap between the 

tip and sample surface, which allows the tip to sense the atomic force and reduce the abrasion 

on the tip. The AFM tip has a needle-shape with 10 – 15 μ m length, which has proved by SEM 

image in Figure 2.12.  

 

Figure 2.11 Schematic diagram of AFM. A laser source directly shot on the back side of 

cantilever which could vibrate during the scanning and the laser source reflected to 

photodiode to analysis the morphology. The cantilever could move forward and 

backward to contribute the trace and re-trace.  
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Figure 2.12 SEM image of AFM cantilever with blend tip on top. The tip is dedicated and 

easy to be broken. The AFM non-contact mode uses high frequency vibration on 

cantilever and keeps a short distance between sample and tip.  

 

AFM is also compatible with other characteristic measurement equipments for example Raman 

spectroscopy, which helps to measure the Raman spectrum at a particular position on the 

sample.   

 

In this project, the QD samples used to be measured by AFM were grown by MBE. One layer 

of QD grown on the top of calibration sample with lower thickness of cladding and 5 layers of 

DWELL structure. The top layer of QD will present same quality as the DWELL embedded 

within the cladding layer.  

 

2.3 Photoluminescence 

Photoluminescence (PL) is a straightforward method to measure the material quality by 

receiving a wavelength spectrum. By exciting a high power laser beam whose wavelength 

shorter than the energy bandgap of sample, for instance, a 532 nm green laser excited the 

InAs/GaAs QDs with GaAs bandgap (860 nm) at room temperature as Figure 2.13. The 

procedure of carriers’ transaction from valance band of GaAs to InAs QDs valance band 

including photoexcitation, relaxation and radiative recombination.   
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Figure 2.13 InAs/GaAs QDs bandgap structure with a stimulated photons injection and 

spontaneously photons emission. The carriers in GaAs were excited by the photon input 

and transmit to InAs QDs cause radiative recombination.       

 

The spectrum could illustrate the emission wavelength, the intensity of spectrum, bandwidth 

of emission and different performance from low temperature (~10 K) to high temperature 

(~300 K). In the temperature dependent PL measurement, not only excitation energy could be 

calculated, the crystal quality can also be examined. For example, in Figure 2.14, the 

temperature dependent PL spectra show the clear trend of blueshift from high temperature (300 

K) to low temperature (10 K). 



69 

 

 

Figure 2.14 Temperature dependent PL spectra of InAs/GaAs quantum dots 

monolithically grown on a Si substrate. 

 

As shown in Figure 2.15, a 532-nm green laser has been used to excite the PL sample which is 

pasted on a temperature controlled copper plate. The power of 532-nm laser is around 100 mW 

and various ND filters are applied to obtain different power density for PL measurement. 

Sample holder is located in a vacuum chamber, which pumped with 1500 Hz rotation speed 

turbo and compressed with liquid helium to 10 K temperature could be achieved with 

proportional-integral-derivative (PID) controller. Two lenses have been used to focus the beam 

emission from sample, which followed by a monochromator. An optical chopper synchronises 

the frequency with sampling frequency. An adjustable slit is behind the chopper and followed 

with few mirrors to extend the optical route. Figure 2.16 present three types of detectors are 

prepared, Si Ge and InGaAs which cover from visible to 1700 nm wavelength range. The 

signals from detectors were transmitted to lock-in and computer where the spectrum presented.  
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Figure 2.15 Photo of temperature dependent PL setup. The green laser emits a 532-nm 

beam onto the sample which is located in the thermal copper pad controlled by 

temperature PID controller. The cooling system is under the vacuum system, which is 

maintained by a 1500 Hz rotation pump and inside cryopanel connects to a liquid helium 

compressor. Two lenses focused the photons emitted from the sample and transmitted to 

detector.  

 

Another PL setup, RPM-2000 (Figure 2.17), could measure the PL map of whole 6-inch wafers. 

The optical route is fixed in the package and two detectors, with one InGaAs detector and one 

CCD to cover from visible to 2.1 μm wavelength range. RMP-2000 has a white light source 

inside but also one 635-nm laser. Based on the PL mapping result, the quality of whole wafer 

can be observed.  
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Figure 2.16 Response spectrum of Si, Ge and InGaAs photodetector, where Si detector 

covers the wavelength from visible range to around 1100 nm, Ge detector covers the 

wavelength from 900 nm to around 1600 nm and InGaAs could able to cover further until 

2.1 μm.  

 

 

Figure 2.17 RPM-2000 PL setup with function of wafer mapping PL measurement and 

fixed optical route.  
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2.4 X-Ray Diffraction system 

In the III–V material growth, trimetric and tetrameric crystals like InGaAs, InAlAs are used 

frequently. However the lattice constant and bandgap energy in AxB(1-x)C (x: 0 - 1) and AxByC(1-

x-y)D (x, y: 0 - 1) is identical with the value of x for instance, InxGa(1-x)As, InxGayAl(1-x-y)As, 

which means it is necessary to examine the composition of element A, B and C in compounds. 

High Resolution X-Ray Diffraction (XRD) can achieve the analysis of crystal epitaxy layer 

thickness, composition, strain and relaxation. During the measurement, an X-Ray beam shot 

on the sample surface with angle θ and a detector receive the signal (Figure 2.18).  

 

Figure 2.18 Schematic diagram of XRD with θB angle X-Ray beam on the sample. The 

different thickness of sample will correspond to the particular wavelength of X-Ray beam.  

 

To analyse the crystal, XRD releases a high energy X-Ray beam with the angle of θ to the 

sample surface (normally wafer). The X-Ray diffraction obeys the Bragg law  

2d (sin 𝜃) =  𝜆 

where d is the inter spacing of each layer of crystal and λ is the wavelength of X-Ray. The 

HRXRD system we use is Bede D1 XRD (Figure 2.19) manufactured by Jordan Valley 

Semiconductor Ltd. The functions of Bede D1 are controlled by Bede control software. 
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Figure 2.19 Bede D1 XRD system.  

 

2.5 Transmission Electron Microscopy 

TEM is a microscopy technique which using electron beam to shine through the sample. The 

image is formed by the interaction (scattering) of electrons and atoms. A fluorescent screen 

used to display the image. In general, TEM has stronger capability to measure the sample with 

lower magnitude than AFM. Atomic structure can be clearly observed with high resolution 

TEM (HRTEM). Also there are two modes of TEM called dark field and bright field by 

applying different aperture position before the image and direction of incident beam. 

 

2.5.1 Layout of TEM 

The TEM system is running under vacuum condition (10-4 Pa) to increase the mean free path 

of electron gas interaction. The vacuum condition also forbids the appearance of electric arc 

between the high voltage from cathode and ground. There are two types of electron gun can be 

used as electron sources, thermionic electron gun and field emission electron gun. Field 

emission electron gun could generate higher brightness than thermionic electron gun but it 
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requires higher vacuum condition as well. The brightness is defined by the beam current density 

in unit solid angle.  

 

As shown in figure 2.20, the incident beam comes from electron gun and goes through the 

specimen, which allocated on the specimen stage. The interaction between electrons and atoms 

of specimen will create the diffraction beam and focus by the objective lens (magnetic) to form 

the diffraction pattern and image plane.  

 

 

Figure 2.20 Layout of TEM  

 

2.5.2 Dark Field, Bright Field and High Resolution TEM 

The dark field and bright field TEM are basically two types of measurement with using aperture 

and different angle of incident beam. In the dark field images, the direct beam is blocked by 

the aperture which allows high angle interaction beam to be measured. It normally used to 

identify the crystal defects or particle size. For bright field, only direct interaction beam 
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allowed to go through the aperture. A larger size of aperture is used for high resolution TEM 

(HRTEM) which allows more beams to pass. HRTEM needs relative higher point solution with 

a well alignment of specimen, however atomic structure can be observed.   

 

2.6 Device Processing 

The laser device must be processed in clean room with numbers of steps. Generally speaking, 

for board-area Si based laser, silicon itself is not a good conductor as electrode, so top contact 

with both n and p type are applied in laser devices. The basic processes of laser device process 

could be illustrated as following orders. 

1. Etch the ridges and contact 

2. Use plasma-enhanced chemical vapour deposition (PECVD) to cover a SiO2 layer to 

sample 

3. Open n and p-type contact windows 

4. Use evaporator to deposit n and p-type contacts  

5. Use rapid thermal processing (RTP) to anneal the sample  

6. Cleave the sample to laser bar  

7. Use wire bonding or mounting laser 

 

 

Cleaning 

Before the processing start, laser sample need to be cleaned in with solution of acetone and iso-

propanol (IPA) to reduce the contamination in the device. The contamination is undesired to 

laser processing. After the cleaning with acetone and IPA, the sample was put in ultrasonic 

bath for two minutes. After the ultrasonic bath, IPA and acetone were used again to clean to 

make sure no contamination left on surface and checked with microscope. The cleaning process 

must be repeated if any contamination is found on by microscope.  

 

Patterning 

To pattern the wafers, photolithography is used in the processing. Photoresist can decide the 

area exposed to the light or electron beams. During the patterning, Approximately 1.8 μm 

thickness of Shipley S1818 photoresist cover on sample and spin with 4,000 rpm for 30 seconds. 

The photoresist is dried with baking at 115 ºC for 60s. Microscope again used to examine the 

surface of sample. 
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Etching 

To remove the region which not been covered by photoreisit, etching is using in the device 

fabrication. In the process of etching samples, wet etch and dry etch are used. Wet etch is using 

liquid solvent to remove the materials on the sample. Dry etch is using plsama-drive machine 

by exposure sample to a bombardment of ions. Wet etching could provide the removal of 

material on two direction, vertically and horziontally, so the controlling of etching time need 

to be precesily. To compare with these two etching methods, a table has been give. 

 

Dry Etch Wet Etch 

Complicated operation Ease to use 

Cost high Cost low 

More reliable, repeatable No damage to substrate 

Table 2.1 The comparsion of dry etch and wet etch. 

 

In the wet etch process, due to the different material properties between each III–V material, 

using different kinds of solvent are needed to etch down GaAs and AlGaAs. The solvent is 

mixed with 1:1:x H3PO4:H2O2:H2O where x is 3, 5 and 10.  

 

Metallisation 

The metal of GaAs contact layer could be depositied by E-beam evaportor, thermal evaportor 

and sputter. We use InGe/Au for n contact layer which has exposed under the active region for 

Si-based laser. The p contact layer is Ti/Pt/Au and annealled by Rapid Thermal Processing 

(RTP) for 5 seconds at 440 °C. Figure 2.21 shows the Si based laser bar with n and p contact 

layer on top with different length. 



77 

 

 

Figure 2.21 Scanning electron microscopy (SEM) image of laser devices with different 

size of optical cavity, which numbered on it. UCL logo is printed on the sample device 

 

2.7 Laser Measurement 

The cleaved laser needs to be tested in power-current (L-I) measurement and current-voltage 

(I-V) measurement to examine the laser performance. As shown in Figure 2.22 for the top 

contact laser devices, they are placed on a heat sink which controlled by thermoelectric cooling 

with temperature range 10 to 100 ºC. Then temperature sensor was mounted inside the heat 

sink. We implemented two probes to contact the p and n contact of laser devices. We have two 

operating modes which are pulsed and continuous-wave (CW). The pulsed current is operated 

by pulsed ILX Lightwave 3545B laser diode controller that is able to operate with duty cycle 

0.01% to 0.1% and pulse widths of 0.1 μs up to 10 μs. The CW mode is operated by ILX 

Lightwave laser diode controller. 
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Figure 2.22 L-I measurement setup with a detector on the left side and monitored by 

microscopy. The laser devices placed on the copper heat sink with thermoelectric cooling.   

 

2.8 Reproductivity of Experiments 

During the experiments, there are three sections have been involved: MBE growth, cleanroom 

processing and characteristic measurements. MBE system has high reproductivity due to its 

precisely control of growth rate and ultra-high vacuum growth condition. The growth rate has 

been calibrated before every growth beginning. Also, MBE system has high uniformity to 

produce wafer in 3-inch scale. The laser devices are processing in the cleanroom as followed 

the same recipe. During the AFM measurements, the image I captured were all using the brand 

new AFM tip to guarantee the size of QDs are most accurately.  The temperature dependent 

PL were measured under same laser excited power and other parameter were kept same only 

temperature differs and same as power dependent PL only laser excited power changes.  
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Chapter 3  

 

 

InAlAs/GaAs Defect filter Layer  

 

 

3.1 Introduction 

As a future driving force, Si photonic will lead the optoelectronic industry without doubt. The 

optoelectronic integrated device on silicon platform is the main focal point for researchers. As 

a complete optoelectronic circuit, the components, such as Si-based light emitting source, 

modulator [1-3], waveguide [4] and detectors [5] are needed. However, the optoelectronic 

devices, especially light emitting device based on Si platform, have been considered as the 

“Holy Grail”, because the difficulties are dramatically enhanced for group-IV platform in 

comparison with III–V platform [6]. Si and Ge are in-direct bandgap material, which means 

the low efficiency of photon emission with high ratio of Auger recombination and so that Si-

based light emitting devices are hard to fabricate [7]. To solve the issue, III–V integration and 

Si Raman laser has been adopted by researchers. Although Si Raman Laser has been 

demonstrated with continuous-wave (CW) mode by H. Rong et al [8], the optical pumping 

operation leads to the difficulty of Si Raman laser apply in Si optoelectronic integration. Si 

hybrid laser has been assumed as one of the solution which using wafer bonding technique to 

combine III–V optoelectronic devices on Si or Silicon-on-insulator (SOI) platform [9, 10]. The 

advantage of Si hybrid laser is the combination of quantum well or quantum dot lasers with Si 

substrate and waveguide because SOI could be fabricated as a waveguide. Moreover bonding 

technique avoids the issue of high density of threading dislocations which propagated from 

heterostructure epitaxy growth [11, 12]. CW operation of Si hybrid laser has been well 

established since last 20 years [13]. However the optical output power and threshold current 

density (Jth) are significantly affected negatively compare with pure III–V optoelectronic 

device especially lasers [14]. Another method to solve the integration issue is using 



81 

 

monolithical growth of III–V material on Si substrate by molecular beam epitaxy (MBE) 

system or metal organic chemical vapour deposition (MOCVD) system [15]. There are also a 

few other depositions systems could able to achieve the III–V material on Si substrate like 

atomic layer deposition (ALD) [16]. However, the ultra-high vacuum environment and better 

monitor system, such as RHEED, of MBE offers better control of growth of III–V/Si interface, 

and hence is able to offer better the III–V devices performance monolithically grown silicon.  

 

The study of GaAs on Si substrates growth has been started since mid of 1980s [17, 18] and it 

was optimised by few groups later. However, the difficulties of III–V material monolithically 

grown on Si substrates are the lattice mismatch and different thermal expansion coefficient 

between III–V materials and Si substrates. To migrate III–V light emitting source on Si 

platform, buffer layer is very necessary in the growth and GaAs, InP, GaP, AlP and AlAs play 

the role most of time. For the epitaxial growth of the polar materials to non-polar substrates, 

anti-phase domain (APD) is appeared, but can be eliminated by introduce two-step growth and 

off-cut oriented Si substrate. As well there are high density (1010 cm-2) of threading dislocations 

(TDs) propagating from the interface between III–V material and Si substrate due to the lattice 

mismatch between Si and other III–V material. To further reduce the density of TDs, defect 

filter layer (DFL) is an ideal method to reduce the density of TDs from ~1010 to ~106 cm-2. 

Until now, different types of DFLs are demonstrated, including InGaAs/GaAs strained-layer 

superlattices (SLSs) on Si substrate, InGaN on GaN. By using the InGaAs DFL, the first 1.3 

μm InAs/GaAs QD laser based on Si substrate has been established by T. Wang et al [19] with 

maximum operating temperature of 42 ºC and RT Jth = 725 A/cm2. In this chapter, different 

types of DFLs including InAs/GaAs QDs [20], InGaAs submonolayer QDs [21], InGaAs/GaAs 

SLSs [22] and InAlAs/GaAs SLSs are compared by photoluminescence (PL), atomic force 

microscopy (AFM) and transmission electron microscopy (TEM).  

 

3.2 MBE Growth of DFLs Structures 

Silicon-based InAs/GaAs QDs structures are grown by MBE system with various DFLs 

introduced after GaAs buffer layer. Before the growth, Si substrate has been de-oxidised at 900 

ºC for 30 minutes. A two-step growth of 1 μm of GaAs buffer layer has been optimised on Si 

(100) off-cut substrate 4˚ oriented to [110]. Different types of DFLs have been grown after 

GaAs buffer layer for comparing the efficiency of blocking the propagation of TDs. InAs/GaAs 

QDs, InGaAs SML QDs, InGaAs/GaAs SLSs and InAlAs/GaAs SLSs have been tested in the 
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project. Five layers of InAs/GaAs dot-in-the-well (DWELL) are grown around nucleation 

temperature 510 ºC and each layer of DWELL has 3 monolayers of InAs deposited on 2 nm of 

In0.15Ga0.85As and capped with 6 nm of In0.15Ga0.85As. The growth rate of InAs on In0.15Ga0.85As 

is ~0.1 ML/s. As shown in RHEED pattern, it could be clearly found that the dots are formed 

around 16 second during the deposition. The DWELL structure is sandwiched with 50 nm 

GaAs and 100 nm Al0.4Ga0.6As layer, which GaAs grown at 590 ºC and AlGaAs grown at 610 

ºC.  

 

3.3 The PL Measurement of Each DFLs 

The growths of each type of DFL are based on the same growth conditions, which help us to 

determine the performance of DFL by filtering the TDs. AFM, PL and TEM have been used to 

investigate the performance and compare study between each type of DFL.  

 

3.3.1 InAs/GaAs QD DFL 

5 layers of InAs/GaAs QDs with 50 nm GaAs spacing layer form one set of DFL and was 

repeated 3 times with 250 nm GaAs spacing layer. Each layer consists of 2.2 ML InAs/GaAs 

QDs grown on 2 nm InGaAs and capped with 6 nm InGaAs. The InAs/GaAs QDs were grown 

at 510 ˚C, the optimised growth temperature. Figures 3.1 and 3.2 present the temperature 

dependent and power dependent PL measurement respectively. In the power dependent 

measurement (10 K), the excited state and ground state are obvious shown in the spectrum, 

with ground state emission at 1184 nm (1.045 eV) and excited state emission at 1132 nm (1.095 

eV), as shown in Figure 3.1.  

 

We see a regular blue shift when the temperature decreases from 300 K to 10 K but the peak 

intensity first increase and then fall. The blueshift is due to the lattice shrink at low temperature 

which effects on the bang gap. During the measurements, the excited laser power was kept at 

10 mW. The increase of PL is contributed to the carrier frozen in the quantum dot and less 

opportunity of the thermal escape. These effects also appear in the rest of PL measurements as 

well. The fall of PL in the low temperature growth condition could due to the asymmetric 

distribution of QDs’ size, as is confirmed by the AFM measurement. The asymmetric 

distribution of QD’s also results of higher bandwidth of PL emission. 
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Figure 3.1 Power dependent PL measurements of InAs/GaAs QDs on Si substrate with 

InAs QDs DFLs at 10 K.  

 

Figure 3.2 Temperature dependent PL measurements of InAs/GaAs QDs on Si substrate 

with InAs QDs DFLs under the excited power 10 mW.  
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3.3.2 InGaAs SML QD DFL 

For each set of InGaAs SML QD DFLs, approximately 1 ML InAs has been grown and covered 

by GaAs layer, which repeated 10 times with 10 nm GaAs spacing layer to form one set of 

DFL. Three sets of DFL were grown in the experiment sample with 400 nm GaAs spacing 

layer. The PL measurement represented InGaAs SML QD DFL with stronger emission at 

ground states compare with InAs QDs DFL, the                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

separation between ground state and excited state is larger as well.  

 

At 10 K, the PL spectra (as shown in Figure 3.3) present a excited state at 1134 nm (1.093 eV) 

and ground state at 1194 nm (1.038 eV) where the gap is 57 meV between excited and ground 

state. With the excited power increasing, the excited state become more obvious. Figure 3.4 

shows the temperature dependent PL spectra that the peak intensity decrease at temperature 

160 K.  

 

Figure 3.3 Power dependent PL measurements of InAs/GaAs QDs on Si substrate with 

InGaAs SML QDs DFLs at 10 K. 
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Figure 3.4 Temperature dependent PL measurements of InAs/GaAs QDs on Si substrate 

with InGaAs SML QDs DFLs under the excited power 10 mW. 

 

3.3.3 InAlAs/GaAs SLSs DFL 

To optimise the DFL, Al was considered due to its high bonding energy, which could block the 
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examined in order to make comparison study.  

 

In the power dependent PL measurements (Figure 3.5), the ground state and excited state 
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10 K. Compare with the other sample’s power dependent measurement, the excited states 
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ground state is about 46 meV. Figure 3.6 presents the temperature dependent PL, that second 

excitation states were observed at lowtemperature (< 40 K).  
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Figure 3.5 Power dependent PL measurement of InAs/GaAs QDs on Si substrate with 

InAlAs/GaAs SLSs DFLs.  

 

Figure 3.6 Temperature dependent PL measurements of InAs/GaAs QDs on Si substrate 

with InAlAs/GaAs SLSs DFLs.  
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3.3.4 InGaAs/GaAs SLSs DFL 

InGaAs/GaAs SLSs DFLs also have been compared studied in this project. InGaAs/GaAs SLSs 

have been proved as a successful type of DFL based on Si substrate. In order to compare the 

performance of each type of DFL, same temperature condition and spacing layer thickness of 

growth were used in InAlAs/GaAs SLSs and InGaAs/GaAs. The temperature dependent PL 

(Figure 3.7) shows the ratio of PL intensity of excited state with ground state increase when 

the temperature significantly decrease from 300 to 10 K, which means the more carrier were 

excited to excited state. At 10 K , the ground state emits at 1180 nm (1.051 eV) and excited 

state emit at 1132 nm (1.095 eV) which the gap is 44 meV less than other DFL. 

 

Figure 3.7 Temperature dependent PL measurements of InAs/GaAs QDs based on Si 

substrate with InGaAs/GaAs SLSs DFLs under 10 mW excited power.  

 

3.3.5 PL Comparison 

Figures 3.8 and 3.9 compare the PL spectrum for InAs/GaAs quantum dots with different DFL 
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temperature are shown which proves InAlAs/GaAs SLSs have the strongest emission at whole 

temperature range. For all the samples, the peak intensity decrease once temperature is below 

160 K which could due to the carriers were trapped in excited state and recombination from 

conduction band to valance band rather than decay to ground state.  

 

Figure 3.8. Comparative PL measurement for each types of DFL under the same 

temperature (10 K) and excited laser power (10 mW).  
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Figure 3.9 Comparative PL measurement for each types of DFL under the same 

temperature (300 K) and excited laser power (10 mW). 

 

Figure 3.10 PL measurement of peak intensity against temperature for each types of 

DFLs. The excited laser power was kept at 10 mW during the measurements. 

 

1000 1100 1200 1300 1400

0.000

0.003

0.006

0.009

0.012

0.015

 

 

 QD DFL 

 InAlAs QW DFL

 SML DFL

 InGaAs QW DFL 

In
te

n
s
it

y
 (

a
.u

)

Wavelength (nm)

Power = 10mW

T=300K

0 50 100 150 200 250 300

0.00

0.05

0.10

0.15

0.20
 

 

P
e

a
k

 I
n

te
n

s
it

y
 (

a
.u

)

Temperature (K)

 QD DFL

  InAlAs QW DFL

  SML QD DFL

  InGaAs QW DFL



90 

 

3.4 AFM Measurement Comparison of Each DFLs 

We used AFM to examine the uncapped InAs/GaAs QDs and the density of QDs are observed 

from 1 μm × 1 μm image. The defects density also presented in large scale AFM image (5 μm 

× 5 μm). The uncapped InAs/GaAs QDs grow with identical conditions as the capped QDs in 

the PL measurement, which is able to make comparison study with PL measurement.   

 

Figure 3.11 AFM images of InAs/GaAs QDs monolithically grown on Si substrate with 

different types of DFLs, where 1) is  1 μm × 1 μm and 2) is 5 μm × 5 μm.  

 

Figure 3.11 presents the comparison of InAs/GaAs QDs with different types of DFL. It is clear 

that InGaAs/GaAs SLSs DFL and InAlAs/GaAs SLSs DFL have the lowest number of defect 

density and highest number of dots density. The sample with QD DFL has the dots density is 

2.97 × 1010 cm-2 which is higher than InGaAs SML DFL 2.74 × 1010 cm-2 dot density. In 

contrast, the samples with InAlAs/GaAs SLSs DFL and InGaAs/GaAs SLSs DFL have dot 

density 3.18 × 1010 cm-2 and 3.24 × 1010 cm-2 respectively. The QD defect (larger dots) densities 

are 52, 6.4, 6.8 and 4.4 × 109 cm-2 for QD, InAlAs, submonolayer and InGaAs DFL respectively. 

The QD defect is different with crystal defects, which is normal caused by strain non-

uniformity. By combining the density of QDs and defects, it proves that InAlAs/GaAs SLSs 

DFLs and InGaAs/GaAs SLSs DFLs contribute best crystal quality. 
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3.5 TEM Measurement Comparison of Each DFL 

As a straight forward method to assess the crystal quality of semiconductor restructure, TEM 

is a necessary tool to examine the crystal structure with cross-section view. The samples with 

different DFLs have been measured by TEM and the active region consisting of 5 layers of 

InAs/GaAs QDs in the well structure.  

 

Before the DFLs, as shown in Figure 3.12, the GaAs buffer layer has stopped the most of TDs 

in the first 30 nm which should credit to the low temperature and growth rate GaAs. It also 

shows the TDs have gone through all the three layers of DFL and cross the QDs region as well. 

However, InGaAs SML DFL (Figure 3.12 (b)), InGaAs/GaAs SLSs DFL (Figure 3.12 (c)) and 

InAlAs/GaAs SLSs DFL (Figure 3.12 (d)) successfully confine the TDs propagating into the 

active region. There is more than 1 × 1010 cm-2 TDs observed after the 1 μm GaAs buffer layer 

measured by EPD (etch pit density). After the three set of InAlAs/GaAs SLSs DFL or 

InGaAs/GaAs SLSs DFL, it has been filtered to 107 cm-2. The densities of TDs have been 

measured by University of Arkensas 
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Figure 3.12 TEM measurements of InAs/GaAs QDs based on Si substrate with (a) InAs 

QDs DFL. The TDs are observed crossing the whole DFL layers and active region; (b) 

InGaAs SML QDs DFL; (c) InGaAs/GaAs SLSs DFLs. (d) Dark-field TEM 

measurements of InAs/GaAs QDs based on Si substrate with 3 set of InAlAs/GaAs SLS 

DF. The TEM images were measured by University of Arkansas.  
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In the Figure 3.13, the high resolution TEM images were presented, which show the interface 

of InAlAs and GaAs has defect free.  The TEM shows the thickness InAlAs and GaAs are 10 

nm exactly. In the Figure 3.14, the five layers of InAs/GaAs QDs capped with 6 nm InGaAs 

and space with GaAs 50 nm. QD region has no defect observed and we could assume we have 

minimised the TDs affect to our laser structure.  

 

Figure 3.13 High resolution TEM (HRTEM) image of InAlAs/GaAs SLSs. The 

InAlAs/GaAs SLS has clear atoms interface without any defects. The TEM images were 

measured by University of Arkansas. 
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Figure 3.14 TEM image of 5 layers of InAs/GaAs QDs grown on Si substrate with 

InAlAs/GaAs SLSs DFLs. The image indicates the defect free active region with scale bar 

100 nm. The TEM images were measured by University of Arkansas. 

 

3.6 Laser Growth and Processing 

The Si substrate has been de-oxidised by heating to 900 ºC for 30 minutes. Then the substrate 

was cooled down to 400 ºC for 1st step GaAs layer growth. The first 30 nm GaAs is grown at 

low growth rate, 0.1 ML/s. the 2nd step buffer layer of 970 nm GaAs grown at higher 

temperature and growth rate. The two-step GaAs buffer layer has Si doped. The InAlAs/GaAs 

SLSs DFLs which consist of 5 repeats of SLS structure and each SLS has 5 layers of 

InAlAs/GaAs for 10 nm thickness receptivity. Between each set of InAlAs/GaAs SLSs, 400 

nm GaAs spacing layer were grown at 2 ML/s.  After DFLs, 300 nm Si doped GaAs contact 

layer and 1500 nm AlGaAs Si doped cladding layer were grown. InAs/GaAs QDs DWELL 

structure formed active region which consists of 5 layers of InAs/GaAs QD with 50 nm GaAs 

spacing layer. The 3 ML InAs/GaAs QDs grown at optimised temperature around 510 ºC which 

was on 2 nm In0.15GaAs0.85 and capped 6 nm In0.15Ga0.85As. Another Be doped (p-type) 1500 

nm AlGaAs cladding layer and GaAs top contact deposited on active region.  

 

In the device fabrication processing, the two GaAs contacts are located top for avoiding the 

poor quality of Si and GaAs interface, as shown in Figure 3.18. N-type GaAs contact were 
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etched down from top surface and metallise with InGe/Au. The P-type GaAs contact deposited 

with Ti/Pt/Au. 50 μm of ridges were etched. The ridges were etched down to 200 nm below 

the active region for an improved carrier confinement. Devices of 3-mm length were mounted 

and wire bonded on ceramic tiles to enable testing. No facet coating is applied.  

 

Figure 3.15 InAs/GaAs QDs laser based on Si substrate schematic diagram with 

asymmetric structure, where n and p contact are both faced topside.  

 

The optical power against current (L-I) characteristic measurement proves that our lasers have 

significantly improvement compared with the previous work on InAs/GaAs QDs laser on Si 

substrate with InGaAs/GaAs SLSs DFLs. The lowest Jth is at 194 A/cm2 (Figure 3.16) and 

maximum operating temperature is 85 ºC under pulsed mode (Figure 3.20). Figure 3.21 proves 

the lowest Jth 194 A/cm2 by measuring the spectrum of laser and there have multi emission at 

Jth of 267 A/cm2. At Jth of f194 A/cm2, a narrow laser spectrum has been measured and it is 

cantered at 1267 nm. Upon increasing the current density, the density of lasing modes is 

observed to increase.  
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Figure 3.16 L-I measurement of InAs/GaAs QDs laser diode based on Si substrate with 

low threshold current density 194 A/cm2 

 

Figure 3.17 Temperature dependent L-I measurement which proves the laser operating 

at maximum temperature 85 ºC.  
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Figure 3.18 laser spectrum at room temperature. The spectrum shows the lasing with Jth 

from 67 to 267 A/cm2. 

 

In order to examine the laser quality, characteristic temperature (T0) has been calculated which 

is 45 K between the temperature 20 to 85 ºC. The equation which used to obtain the value of 

T0 has been presented as 

𝐽𝑡ℎ =  𝐽0 exp(𝑇 𝑇0⁄ ) 

Ideally, if the variation of Jth is significantly reduced and then the larger T0 value can be found 

out. The T0 can be improved by introducing P-type modulation doping into quantum dots so 

that the confinement of holes will be stronger [25].  
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Figure 3.19 Threshold current density against temperature for InAs/GaAs QDs laser 

based on Si substrate. Characteristic temperature has been calculated as 45 K between 

temperatures 20 to 85 °C. 

  

3.7 Conclusion 

We have successfully demonstrated a InAs/GaAs QDs laser monolithically grown on a Si 

substrate with low Jth (194 A/cm2) and high temperature operating (maximum 85 ˚C) by 

introducing a InAlAs/GaAs SLSs DFLs to reduce the density of TDs. The reason of only pulsed 

operation is due to the density of TDs cannot be achieved as same as GaAs based laser devices. 

High ratio of non-radiative recombination centre were created within those defects (TDs). Also 

carriers simply escape due to the heat stacked in point defects.  

 

In conclusion, InAlAs/GaAs SLSs DFLs present the strongest ability to improve the crystal 

quality by reducing lower density of TDs due to the higher bonding energy of Al and As atoms. 

No defects observed in the active region by TEM measurements. The poor performance of T0 

is due to the high ratio of non-radiative recombination centre in the heterostructure [26] and it 

is lower than other GaAs based InAs/GaAs QD lasers [27].  
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Chapter 4  

 

 

Silicon-based InAs/GaAs Quantum-

dot Superluminescent Diodes  

 

 

4.1 Introduction 

The major differences between the laser and LED, we could define based on optical power 

aginist current (L-I) measurement and intensity spectrum are superluminescent emission. The 

emission of superluminescent diode (SLD) has advantage of both high power and wide half 

maximum bandwidth. Figure 4.1 shows the emission status of LED, SLDs and laser, which a 

clear threshold point can be found on laser L-I characteristic measurement. However, between 

the lasing and LED, there is a short region which has the power increasing but not efficient as 

lasing, leading to superluminescence. In order to inhibit the emission from SLD to lasing, the 

devices can be fabricated as two sections, in which one is gain and another is absorption, or by 

tilting the facet of device to reduce the feedback of carriers inside the cavity.  

 

The high power and wide FWHM properties of SLDs can be applied in a wide range of 

application, such as Optical Coherence Tomography (OCT) [1] and fibre-optic gyroscopes [2]. 

As a great scan method to indicate the coronary artery disease and applied in ophthalmology 

diagnose, OCT is widely used in the medical examiner and SLDs is the component to emit the 

light near infrared.  
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Figure 4.1 L-I characteristic measurement of a typical light emit source to distinguish 

LED, SLD and laser.  

 

GaAs-based quantum-dot SLDs have been achieved successfully [3, 4] which inspire us to 

move it on Si platform because the technique of GaAs on Si has been achieved. The motivation 

of Si-based SLDs is not only the application on OCT industry, but also the SLDs could be 

integrated on Si based optoelectronic circuits [5]. Recently, SLDs on Si platform has been 

published by A. Groot et al, who demonstrated a multi bandgap SLDs grown on InP substrate 

and bonding with Si platform with large bandwidth 290 nm [6]. The potential of Si based SLDs 

attracts researchers to put efforts on it.  

 

4.2 Epitaxial Structure Growth 

1 μm of GaAs buffer layer were optimised grown on Si off-cut substrate with (100) 4º oriented 

to <110> direction. The epi-ready Si substrates have baked in the loadlock chamber for 13 

hours under 200 ºC and heated to 500 ºC for 2 hours in the buffer chamber for de-gas, then de-

oxidise in the 900 ºC for 10 minutes. The GaAs buffer layer has two steps to grow, first 30 nm 

GaAs grown at 0.1 ML/s growth rate and around 400 ºC substrate temperature, and the rest of 

970 nm GaAs buffer layer were grown at higher temperature and growth rate. The first 30 nm 

of GaAs layer trapped the major dislocation propagating from the interface of GaAs/Si due to 

the 4% lattice mismatch and antiphase domain caused by polar to non-polar heteroepitaxial 
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growth. The rest of 970 nm release the strain which came from GaAs/Si and reduce the high 

density of dislocation in GaAs buffer layer. It has been proven that the dislocation propagating 

from the GaAs/Si interface is at density level about 1010 cm-2 [7]. 

 

After GaAs buffer layer, InAlAs/GaAs SLSs DFL has been grown for supressing threading 

dislocation propagating through to active region and destroy the carrier transition and device 

performance. InAlAs/GaAs SLSs DFL has been provem as significant method to reduce the 

density of threading dislocation.3 Three sets of InAlAs/GaAs SLSs DFLs have been grown 

with 400 GaAs nm spacing layer between each set of DFL, each set of DFLs consists of 10 

repeats of 10 nm InAlAs and 10 nm GaAs. For PL and AFM measurement propose, the test 

samples with 100 nm AlGaAs/GaAs cladding layer were chosen while1500 nm AlGaAs/GaAs 

for laser device. 5 layer of InAs/GaAs QDs were grown at optimised temperature which trapped 

in a GaAs well to form dot-in-well structure (DWELL). Each layer of QDs was annealed to 

610 ºC and space with 40 nm GaAs. To form 1.3 μm InAs/GaAs QDs, 3 monolayers of InAs 

were grown on 2 nm In0.15Ga0.85As and capped with 6 nm In0.15Ga0.85As. In order to examine 

the density and quality of QDs, one layer of uncapped InAs/GaAs QDs grown on the top of 

surface for AFM measurement propose.  

 

4.3 PL Measurements and Analysis 

Power dependent and temperature dependent PL measurements have been made by using our 

PL system. The samples have been cut to small piece around 9 cm2 and paste to the copper 

metal plate with vacuum gel. We first line up and optimise the optical route to obtain the 

strongest intensity to make sure all the measurements are under identical conditions. The PL 

sample is excited by a 532 nm green laser from the power range 0.01 mW to 70 mW adjusted 

by ND filter. The PL spectrum has been measured from 300 K to 10 K with 20 K interval.  

 

Figure 4.2 shows the temperature dependent PL measured with same laser power input at 10 

mW. The Peak intensities have kept at same level when the temperatures lower than 160 K but 

the peak intensities of excited state increase from our measurement which means the more 

carrier recombination happened in the low temperature because the lower ratio of thermal 

escape.  
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Figure 4.2 Temperature Dependent PL measurement of temperature optimised 

InAs/GaAs QDs monolithically grown on Si substrate with InAlAs/GaAs SLSs DFL.  

 

The integration of PL intensities could use to determine the thermal active energy, which is 

factor of device performance in the high temperature. We first integrate the temperature 

dependent PL for each curve and draw the diagram which is integrate PL intensity against the 

inverse of temperature (1000/T). The formula to determine thermal active energy is 

                                          𝐼(𝑇) =  
𝐼0

1+𝐶1𝑒−𝐸𝑎/𝑘𝑇
                                            Equation 4.1 

where Ea is the thermal activation energies (TAE) for loss mechanisms, which is active at 

certain temperature ranges, k is the Boltzmann constant, T is the temperature, and I0 and C1 are 

fitting constants.  
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Figure 4.3 Arrhenius plot of integrated PL intensity against the inverse of temperature 

of InAs/GaAs QDs based on Si substrate. The red line is the fitting with thermal active 

energy 232 meV.  

 

The Arrhenius plot is fitted the curve, as shown in Figure 4.3. We calculate the thermal 

activation energy is 232 meV. The Si-based QDs thermal activation energy is similar to Ge-

based [8] and GaAs-based QDs [9, 10], which proves the high quality of MBE grown Si based 

InAs/GaAs QDs. 

 

Figure 4.4 shows the power dependent PL spectra under 10 K temperature condition. The laser 

power has been increased from 1 to 60 mW in order to observe the excited state emission. The 

ground state emission at 10 K is around 1190 nm and the intensities are increased with the 

power of laser from 0.1 mW to 60 mW. The excited state is observed to increase with increasing 

the excitation power of laser, due to the more carriers trapped in the QDs region. Figure 4.5 

have fitted the three peaks of the PL measurement under the 10 K temperature condition and 

60 mW laser power input, which three peaks are at 1100 nm, 1129 nm and 1139 nm. The curves 

we fitted tell us the peak at 1129 nm has the lowest emission and obviously narrower than other 

than the peak at 1100 nm and similar to 1139 nm. As we know the 1139 nm peak is the ground 

state emission so the 1129 peak could be another ground state for minor smaller size of QDs 
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which was proven by our AFM measurements and figure 4.6. Figure 4.6 shows the 

normalisation of the PL spectra based on figure 4.4 and we can clearly observe the 1129 nm 

peak was excited when the laser power more than 40 mW. There are only two peaks which are 

ground state and excited state when the power of laser below 40 mW. The slight red shift in 

the measurements is due to the laser heated up the sample with high power of laser. The two 

states of QDs could bring the SLD large FWHM, which will benefit to SLD. We can found our 

SLD has large FWHM in the laser measurements.  

 

Figure 4.4 Power Dependent PL measurement of temperature optimised InAs/GaAs QDs 

monolithically grown on Si substrate with InAlAs/GaAs SLSs DFL. 
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Figure 4.5 PL measurements of InAs/GaAs QDs on Si substrates with 10 K temperature 

condition and 60 mW power input. The 3 state emission PL has been fitted to three peaks 

which are at 1100 nm, 1129 nm and 1139 nm.  

 

 

Figure 4.6 Normalised power dependent PL measurements of InAs/GaAs QDs on Si 

substrate under the 10 K temperature condition. The power range is from 1 mW to 60 

mW.  
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4.4 High Density QDs Growth 

AFM is used here to examine the morphology of InAs/GaAs QDs and the defects densities. 

The number of QDs density could contribute the high gain value of light emitting source 

including laser and SLD. By lowering the growth temperature of QDs, the density of QDs is 

significantly increase to ~4.1 × 1010 cm-2 and QD defects density measured by AFM is around 

7 × 108 cm-2. The reason why we observe the higher QDs density is due to the lower 

temperature of QDs nucleation. The lower nucleation temperature could attract more QDs stick 

on the sample surface. However, it also could introduce more point defects in the QDs and it 

can be solved by reducing the InAs from 3 ML to 2.7 ML. From our experiment, we optimise 

the InAs/GaAs QDs grow at 510 ˚C with 2.7 ML deposition. 

 

Figure 4.7 1μm × 1μm InAs/GaAs QDs AFM images with dot density 4.13 × 1010 cm-2  
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Figure 4.8 5μm × 5μm InAs/GaAs QDs AFM images with defects density 6 × 109 cm-2  

InAlAs/GaAs SLSs DFL has been examined as a significantly method to filter the threading 

dislocations from ~1010 to 1.0 × 106 cm-2 which have been discussed in last chapter. From our 

TEM measurement, QDs region shows that there is no defects propagating from the substrate. 

In the figure 4.9, we compare the two types of InAs/GaAs QDs which grown at 520 ˚C and 510 

˚C in PL measurement. The PL measurements clearly show that the QDs grown at 510 ˚C has 

the strongest intensity emission and more separation between the ground state and excited state. 

The larger separation between the ground state and excited state means the higher thermal 

energy required to excite carriers from ground state to excited state, it develops the performance 

in the high temperature.  
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Figure 4.9 PL comparison of different temperature growth of QDs by MBE. The QDs 

grown at 10-degree lower cause higher peak intensity of PL emission. 

 

 

Figure 4.10 High resolution TEM image of 5 layers of InAs/GaAs QDs grown on Si 

substrate without any defects. Each layers of QDs are grown on 2 nm InGaAs and capped 

with 6 nm InGaAs.  The TEM images were measured by University of Arkansas. 
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4.5 Device Fabrication and Results 

The SLD devices were grown at n-doped Si off-cut substrate with (100) 4º oriented to <110> 

direction. 1 μm of Si-doped optimised GaAs buffer layer was grown on Si substrate, followed 

by five sets of InAlAs/GaAs SLSs DFL grown on the GaAs. Each set of InAlAs/GaAs SLSs 

DFLs has 5 repeats of 10 nm of InAlAs and 10 nm of GaAs to form one layer of superlattices 

and GaAs 300 nm spacing layer between each set of DFLs. One 300 nm of GaAs n-type contact 

layer which will be etched down from the top of sample. 1500 nm of n-type AlGaAs cladding 

layer and n-type guiding layer of 10 repeats AlGaAs/GaAs SLSs were grown before the 5 

layers of InAs/GaAs DWELL structure. Same P-type of AlGaAs cladding layer and 

AlGaAs/GaAs SLSs were grown on the top and 300 nm P-type GaAs contact layer for electrode 

propose.  

 

The SLD was fabricated in a two-section ridge-waveguide structure following standard ridge-

waveguide laser pro-cessing. 20-μm-wide ridges were defined by wet etching to a depth of 1.6 

μm (i.e. 200 nm above the active region). Two sections were electrically isolated by shallow 

etch of highly p-doped GaAs contact layer, providing a resistance of ~2 kΩ between adjacent 

contacts. Ti/Pt/Au and InGe/Au metal contact layers were deposited on the p-GaAs contacting 

layer and the exposed n-GaAs buffer layer, respectively. A schematic of the two-section SLD 

is shown in Figure 4. The device consists of a 2-mm long gain section and a 1-mm long 

absorber, which was reverse biased while electrically driving the gain section to inhibit lasing. 

No facet coating was applied.  
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Figure 4.11 Schematic diagram of InAs/GaAs QDs SLD grown on Si substrate with two 

sections: gain and absorption. The N type GaAs contact were etched down through the 

whole p-i-n region.  

 

It is necessary to examine the material growth could work function as laser but not only LED. 

the device has been first fabricated as a laser diode, which examined by L-I characteristic 

measurement shown at Figure 4.12. A clear threshold current point found during the L-I 

characteristic measurement. The inset of Figure 4.12 shows the spectrum of laser emission 

around 1250 nm.  
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Figure 4.12 L-I characteristic of InAs/GaAs QDs laser grown on Si substrate under 

pulsed operation at room temperature. The inset shows the lasing spectrum just above 

the threshold current. The laser fabricated as 3-mm length and 50 µm ridge width. 

 

SLD has the function of wider FWHM and stronger intensity when the injection current 

increase which has been proved in Figure 4.13. The inset of Figure 4.13 shows the integration 

of EL measurement is increasing exponentially which means the gain section is working 

properly with high injection current. The power spectrum presented by Figure 4.13 is operated 

under pulsed mode with 5% duty-cycle and 10 μs pulsed width at room temperature.  
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Figure 4.13 Output power spectrum as a function of the injection current under pulsed 

operation (5% duty-cycle and 10 µs pulse-width) measured at room temperature. The 

inset plots the integrated intensity measured from the emission spectrum against the 

injection current.   

 

With low injection current, the SLD emission is dominated by the ground-state, which causes 

a broadband emission centred at 1280 nm with FWHM of 101 nm (Figure 4.14). With the 

injection current increase until 800 mA, an increasing FWHM with 114 nm and blue shift of 

centred wavelength with 20 nm. This could be due to the smaller dots are filled with carriers 

when injection currents go up so that the FWHM become larger and blueshift appears. Once 

the injection current arrives 1000 mA, the FWHM fall to 111 nm which probably due to a non-

uniform increase in gain for different size of dots takes place and introduce a narrowing FWHM.  
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Figure 4.14 Plot of the evolution of the full-width half maximum and the centre 

wavelength against the injection current. The FWHM is increasing with the injection 

current until 800 mA and the centre wavelength blue shift when injection current increase.  

 

The L-I characteristic measurements (Figure 4.15) shows the superluminescent emission from 

20 to 40 ˚C. The fabricated InAs/GaAs QDs SLD monolithically grown on Si substrate was 

bar-tested and directly probed without any mounting and bonding. There is no active cooling 

applied during the measurement. The 2-mm long gain section are pumping electrically under 

pulsed mode with the 1-mm long absorber reversed biased at a voltage of 1 V. The curve of L-

I characteristic measurements with the temperature increment. At 1000 mA injection current, 

a 2.6 mW of output power has been obtained. The output power has the potential to be 

improved because the there is no coating and polishing based on the as-cleaved facet and the 

substrate itself has 4˚ offcut. The SLD’s output power went down to 0.5 mW once the 

temperature more than 40 ˚C.  
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Figure 4.15 L-I characteristic measurements of InAs/GaAs QDs SLD monolithically 

grown on Si substrate under pulsed mode with temperature range from 20 to 40 ̊ C (inset). 

The output power is normalised to CW.  

 

4.6 Conclusion 

The first QD SLD monolithically grown on Si substrate has been achieved under pulsed mode 

and the maximum power measured is 2.8 mW with injection current 1000 mA. However, the 

maximum operating temperature is only 40 ˚C and pulsed operation mode restricts the 

application of our SLD. To improve the performance, a facet polishing and anti-reflection 

coating could increase the output power. Also during the high temperature condition, the ratio 

of auger recombination and non-radiative recombination increase significantly appeared 

because the heteroepitaxy growth of GaAs on Si and thermal crack, the solutions can be applied 

p-doped to increase the resistance of thermal.  

 

We found out after the injection current over than 900 mA the FWHM decrease to 111 nm and 

this can be solved by using chirped QDs [12], QDs intermixing [13] or hybrid QW/QDs 

structure [14]. By using InAlAs/GaAs SLSs DFL, the threading dislocation density has been 

significantly reduced to 106 cm-2 levels. Compare with the bonding method, monolithically 
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growth still need to solve the issue of thermal crack, which happened on III–V material on Si 

substrate.  

 

To implement SLD on the optoelectronic integration, the function of amplifier is the next stage 

to be optimised and improved. Currently semiconductor optical amplifier (SOA) could use 

bonding technique to integrate with laser source but cannot be monolithically grown. SLD will 

be the key to solve the problem of Si based optical amplifier for the next stage.  
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Chapter 5 

 

 

Optimisation of InGaAs/GaAs SLSs 

DFLs 

 

 

5.1 Introduction 

After we investigated InAlAs/GaAs strain-layer superlattices (SLSs) defects filter layers (DFLs) 

in chapter 3, significant improvements on threshold current density and operating temperature 

on laser devices have been achieved due to the higher bonding energy between Al and As atoms. 

Compare with InGaAs/GaAs SLSs DFLs, InAlAs/GaAs SLSs DFLs is also a choice to be 

implemented in III–V/Si materials system. However, oxidation is easy to occur in aluminium 

related semiconductor compounds which is capable to damage the laser devices performance. 

The concern motives us to focus on the InGaAs/GaAs SLSs DFLs again with detail study. 

Regards to the previously report by T. Wang, InGaAs/GaAs SLSs DFLs have been proved as 

a considerable choice in III–V/Si material [1], but it still has a lot of room to be improved. So 

in the chapter, we are not going to compare different types of DFLs but focus on the 

optimisation of InGaAs/GaAs SLSs DFLs.  

The optimisation processes include three steps, 

1. Different GaAs spacer layer growth method; 

2. Modify different indium composition in InxGa1-xAs /GaAs SLSs;   

3. Verity different GaAs thickness in InxGa1-xAs/GaAs SLSs 

In this study, we introduce growth method I and II which are examined by atomic force 

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

laser device performances. The indium composition and GaAs thickness in InxGa1-xAs/GaAs 

SLSs are both modified as well.  
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5.2 MBE Growth  

 

 

Figure 5.1 Schemtic diagram of  InAs/GaAs QDs monolithically grown on Si substrate 

with 3 sets of InGaAs/GaAs SLSs DFLs. The top layer of InAs/GaAs QDs is for AFM 

measurements propurse.  

 

The QDs structures were grown by solid-source molecular beam epitaxy (MBE). As shown in 

the schematic image in Fig. 5.1, 5 layers of InAs/GaAs QDs were monolithically grown on n-

doped Si substrate (100) with 4° offcut oriented to <110> by introducing a 1 μm GaAs buffer 

layer and 3 sets of InGaAs/GaAs SLSs DFLs. Before the growth, oxide desorption of Si 

substrates was performed at 900 °C for 20 minutes. Then the 1 μm GaAs buffer layer was 

grown in two steps, 30 nm at low temperature of 380 ˚C and growth rate of 0.1 monolayers/s 

(ML/s), followed by 970 nm GaAs grown at high temperature at growth rate of 0.7 ML/s. The 

two-step growth helps to block APDs and part of the threading dislocations, which are caused 

by the GaAs/Si polar to non-polar growth. To further reduce the threading dislocation density, 

3 sets of InGaAs/GaAs SLSs DFLs were grown and each set of DFLs was separated by a 350 

nm GaAs spacing layer. 5 period of InGaAs/GaAs SLSs formed one set of DFL. To improve 

the efficiency of  InxGa1-xAs/GaAs DFLs, we introduced different growth method for the DFLs. 

As shown in Fig. 5.2, in the growth method I, GaAs spacing layer was grown during the period 

of heating up to 610 ˚C after InGaAs/GaAs SLSs growth at 420 ˚C. The difference in growth 

methods II is that the GaAs spacing layer was grown after heating up to 610 ˚C. It has been 

proved that low temperature growth of InxGa1-xAs/GaAs SLSs could significantly reduce the 

threading dislocation density [2]. The impact of indium composition and GaAs thickness have 
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also been studied using x = 16, 18 and 20 for indium compositions and 8, 9 and 10 nm for 

GaAs thickness.  

 

InAs/GaAs dot-in-well (DWELL) structure forms the active region which consists of 5 layers 

of InAs/GaAs QDs [3]. Each layer of InAs/GaAs QD is formed by 3 ML of InAs grown on 2 

nm of InGaAs. The QDs are formed by S-K growth mode. The growth rate of InAs is 0.1 ML/s 

with nucleation teamperature 510 °C. 6 nm of InGaAs were used to cap the QDs, followed by 

5 nm of GaAs. Between the each layer of InAs/GaAs QDs, 45 nm of GaAs spacer layer were 

grown at 580 °C [4]. The The DWELL were embedded between two 100-nm GaAs layers 

grown at 580 °C and 50-nm AlGaAs layers grown at 610 °C. The growth of InAs/GaAs QDs 

was monitored by refection high-energy electron diffraction (RHEED) where the 3-

dimensional islands were observed around 1.7 to 1.8 ML of InAs deposition. 

 

Figure 5. 2 Two different growth methods of DFLs; Growth method I: grow GaAs space 

layer during the ramp-up of temperature from 420 to 610 ˚C and then cool down to 420 

˚C for InGaAs/GaAs SLSs growth; Growth method II: grow GaAs spacer layer at a stable 

temperature of 610 ˚C and then cool back to 420 ˚C for InGaAs/GaAs SLSs. 
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Sample Growth 

type 

InxGa1-xAs GaAs 

Thickness  

QD density (× 108 cm-2) PL peak 

intensity 

A I x = 18 10 nm 258 1.2  

B II x = 18 10 nm 365 4  

C II x = 16 10 nm 269 2.6  

D II x = 20 10 nm 268 2.2  

E II x = 18 9 nm 387 3.9  

F II x = 18 8 nm 280 2  

Table 5.1 The QDs densities and PL peak intensity of different growth types, indium 

composition and GaAs thickness.  

 

As shown in Table 5.1,  6 samples have been grown. Sample A has go through growth method 

I, where GaAs spacer layer grow during the heating from 420 °C  to 610 °C, indium 

composition 18 % and GaAs thickness 10 nm. Compare with sample A, Sample B has been 

experienced growth method II, where GaAs spacer layer grow at stable temperature 610 °C. 

Sample C and D have adjusted indium composition to 16% and 20 %. Sample E and F have 

modified the GaAs thickness in SLSs to 9 nm and 8 nm.  

 

5.3 Atomic Force Microscopy Measurements 

Figure 5.3 shows the 1 μm × 1 μm AFM images of samples A to F. It clearly shows that sample 

B and E have the highest QDs density compare with other four samples which are 365 and 387 

× 108 cm-2 respectively. Sample A and D have the lowest QD density 258 × 108 cm-2. The 

improvement on QDs density from Sample A to Sample B shows growth method II provides 

better crystal quality. If we compare sample B, C and D, the QDs density shows indium 

composition 18% provides the best condition of QD growth so as 9 nm and 10 nm of GaAs 

thickness to 8 nm.  

 

The 5 μm × 5 μm AFM images of samples A to F are presented in figure 5.4. The AFM images 

with larger scale could tell the morphology of the growth of III–V materials on Si substrate. At 

this point, sample A to E have similar performance and sample F shows the worst morphology. 

The white dots are the defects which will increase the non-uniformity of QDs.  
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Figure 5.3 1 μm × 1 μm AFM images of InAs/GaAs QDs. Images (a) to (f) are 

corresponding to sample A to F from table 5.1.  
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Figure 5.4 5 μm × 5 μm AFM images of InAs/GaAs QDs. Images (a) to (f) are 

corresponding to sample A to F from table 5.1 

 

5.4 Photoluminescence Measurements 

We have used room-temperature PL measurements to compare each sample which were done 

by using the RPM-2000 PL mapping system. The measurements were undertaken under same 

condition. Figure 5.5 presents the sample A and B comparison. Sample B has almost three 

times stronger than sample A at ground state on PL peak intensity. Combine with the AFM 
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measurements, the stronger PL emission is not only due to the higher density of QDs, but also 

proves the GaAs high temperature growth (growth method II) improves the crystal quality 

significantly. At high temperature of GaAs, the threading dislocations will increase the 

possibility to encounter so that threading dislocations will be eliminated or merged.  
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Figure 5.5 Room-temperature PL spectra comparison of growth method I (sample A) 

against growth method II (sample B). 

 

Figure 5.6 shows the comparison of different indium composition (x) in InxGa1-xAs/GaAs SLSs 

DFLs. Sample B (x= 18%) presents the strongest PL emission on ground state, which is almost 

double the sample D’s. This is due the good balance between the strain and the efficiency of 

blocking threading dislocations. The higher indium composition will increase the strain in SLSs, 

and hence it will benefit to blocking threading dislocations. On the other hand, the higher strain 

could generate extra dislocations itself once the InGaAs thickness is close to the critical 

thickness of dislocation formation. The balance between strain and blocking threading 

dislocations is studied here which proves indium composition 18% is the best solution to 

InxGa1-xAs/GaAs SLSs DFLs. Sample C’s PL emission is slightly higher than sample D. These 

are due to the indium composition at 20% could introduce extra threading dislocation which 

affects the samples luminescence behavior.  
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Figure 5.6 Room-temperature PL spectra comparison of indium composition 18% 

(sample B), 16% (sample C) and 20% (sample D) 

 

Figure 5.7 shows the PL spectrum comparison of GaAs thicknesses 8, 9 and 10 nm. Sample B 

and E have similar performance only sample E is slightly lower than sample B. The AFM 

measurements prove these two samples have similar QD density as well. Sample F has almost 

half lower of PL emission compare with sample B and E. The QD density of sample F is also 

much lower than sample B and E. 9 nm of GaAs has maximum relax the strain from interface 

of In0.18Ga0.82As and GaAs. For the 10 nm thickness GaAs, the extra 1 nm of GaAs will not 

affect the sample identically.  
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Figure 5.7 Room-temperature PL spectra comparison of GaAs thickness in InxGa1-

xAs/GaAs SLSs 10 nm (sample B), 9 nm (sample E) and 8 nm (sample F). 

 

As shown in Figure 5.8, sample F has the highest full-width half maximum (FWHM) compare 

with other 5 samples. The FWHM is calculated by fitting the PL spectrum into two peaks, 

ground state and excited state. The poor performance on FWHM of sample F is due to QDs 

growth inhomogenously. The 8 nm of GaAs thickness in InGaAs/GaAs SLSs DFLs affect the 

QD uniformity negatively. Sample B has the lowest FWHM which is 30.3 meV but sample A, 

C, D and E are all comparable as well.  
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Figure 5.8 Comparison of FWHM for sample A to F.  

 

5.5 Transmission Electron Microscopy Measurements 

We have used TEM measurements to examine the crystal quality. Figure 5.9 presents the cross-

sectional TEM images of QDs. The QDs have width of around 20 nm and height of around 9 

nm due to the InGaAs capping layer. Figure 5.8(b) shows the five layers of InAs/GaAs QDs 

have visually no threading dislocations go through. Figure 5.10 shows the cross-sectional dark-

field and bright-field TEM images of three sets of InGaAs/GaAs SLSs DFLs. The major of 

threading dislocations were blocked by first set of optimized DFL, and the second and third 

sets of DFL visually eliminate the rest of threading dislocations. In the bright-field TEM images 

Figure 5.10(b), huge amount of dislocations at the interface of GaAs/Si however apart of 

dislocations have been trapped at first 200 nm. Afterwards, we found that dislocations are self-

elimination or merged when two dislocations encounter. Moreover, the propagation directions 

of threading dislocations are bended to parallel with InGaAs/GaAs SLSs when they engage to 

cross the SLSs. It also shows no dislocations above of the three sets of InGaAs/GaAs SLSs 

DFLs. 
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Figure 5.9 Transmission electron microscopy of (a) InAs/GaAs QDs; (b) 5 layers of 

InAs/GaAs QDs embedded within InGaAs/GaAs quantum well. The TEM image is 

measured by University of Warwick. 
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Figure 5.10  (a) dark-field TEM cross-sectioanal TEM iamges of three layers of (b) bright-

field TEM cross-sectional Tem images of DFLs on GaAs buffer layer and Si substrate. 

The TEM image is measured by University of Warwick. 

 

To examine the efficiency of dislocation filtering layers for each type of DFL, we have 

measured dislocations density above each layer of DFL using TEM measurements. We define 
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the efficiency of DFL as the fraction of threading dislocations it removes, which can be 

expressed as [5] 

                                                     𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 1 −
𝑛(𝑚𝑒𝑎)

𝑛(𝑝𝑟𝑒)
                                   equation 5.1       

where n(mea) is the number of dislocations counted just above the DFL and n(pre) is the number 

of dislocations predicted by the equation of “natural” decrease in ρTD [6]. The natural decrease 

in dislocations is based on measurements of dislocations in the GaAs buffer layer on Si 

substrate. The equation of ρTD is related to the thickness h, the expression is 

                                                                      𝜌𝑇𝐷 = 𝐴ℎ0.5                                        equation 5.2 

where A is a constant fitted by the counts of threading dislocations at three positions in the 

GaAs buffer layer: 300, 600 and 900 nm. The efficiencies of each type of DFLs are presented 

in Fig. 6. The total efficiency of sample A is 92%, significantly lower than sample B’s 99%. 

Samples C and D have total efficiencies of 90% and 91% respectively. At the first layer of 

DFL, the efficiencies of four samples range from 40% to 50%. After DFL1, samples B, C and 

D show stronger increase in efficiency compare with the sample A. This is due to the high 

temperature GaAs spacer layer growth successfully increasing the dislocations motion and 

hence increasing the opportunities of the elimination of threading dislocations. Therefore, the 

18% indium composition and growth method II have been proved to be the most effective in 

reducing the density of threading dislocations. The reason why sample D has higher total 

efficiency than sample C is that sample D has higher indium composition of 20% compare with 

16% in sample C, which has more strain to stop the threading dislocations from propagating. 
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Figure 5. 11 Plot of sample A, B, C and D’s efficiency of filtering dislocations at 

different layer of DFLs. 

 

5.6 Laser Fabrication and Results 

 

To further investigate the effects of InxGa1-xAs/GaAs SLSs DFLs, full laser structures have 

been grown and processed with different DFLs. The GaAs buffer layer and InAs/GaAs 

DWELL active region were grown at same condition as previously samples A to F. We have 

grown two laser samples L1 and L2 that regard to reference and optimised InxGa1-xAs/GaAs 

SLSs DFLs condition. The reference of InxGa1-xAs/GaAs SLSs DFLs has used growth method 

I, indium composition 18% and GaAs thickness 10 nm. In contrast, the optimised InxGa1-

xAs/GaAs SLSs DFLs have used growth method II, indium composition 18% and GaAs 

thickness 10 nm  The op After 3 sets of DFL, n and p type 1.2 μm thickness of AlGaAs/GaAs 

cladding layers were grown on the bottom and top of the active region. The GaAs n contact 

layer was deposited under the n type cladding layer for etch down contacting, and GaAs p 

contact layer was on the top of devices.  
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Figure 5.12 Schematic diagram of InAs/GaAs QD laser monolithically grown on Si 

offcut substrate. The p and n contact layer both face up.  

 

The broad-area laser devices were fabricated as shown in Figure 5.11. 50 μm of width ridges 

are made by standard lithography and wet etching techniques. We etched down the ridges to 

200 nm below the active region which it could improve the carrier confinement. We deposited 

InGe/Au and Ti/Pt/Au on GaAs n contact and p contact layer respectively. The cavity length 

of devices is 3-mm length and no facet coating is applied. 

 

Two lasers devices, L1 and L2, have been fabricated, which regards to the reference and 

optimized DFLs condition, respectively. L1’s single facet output power against current density 

measurements have been presented in Figure 5.13. During the measurements, the laser devices 

are mounted epi-side up with a sub-mount temperature of 18 ˚C without active cooling. The 

lasers are electrical pumped by pulsed condition of 1% duty cycle and 1 μs pulse-width. The 

threshold current density of laser L1 is 174 A/cm2 at 18 ºC. The maximum operating 

temperature is 68 ºC. 
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Figure 5.13 Single facet output powers against current density for laser sample L1 under 

pulsed mode (1% duty cycle and 1μs pulse width) 

 

Laser sample L2 has lower threshold current density compare with L1 as presented in Figure 

5.14. At 18 ºC, the threshold current density is 99 A/cm2. The maximum operating temperature 

is 88 ºC which is higher than L1. The lasing spectrum of laser sample L2 is presented at Figure 

5.15. The laser emission is at 1280 nm which is corresponding to the optimised DFLs condition 

(sample B).  

 

Figure 5.16 shows the temperature dependence Jth of laser sample L1 and L2. L2 shows the 

stable characteristic temperature T0, 40.2 K, which is larger than L1, 36.3 K at temperature 

range 18 to 38 ˚C, 26.3 K at 38 to 68 ˚C. The poor performance of T0 at higher temperature 

range is due to the increased ratio of non-radiative recombination centre at high temperature 

range. L2 shows the better performance on T0 is due to the lower threading dislocations density 

compare with L1. 
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Figure 5.14 Single facet output powers against current density for laser sample L2 

under pulsed mode (1% duty cycle and 1μs pulse width) 
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Figure 5.15 Lasing spectrum of sample L2 at room temperature. The emission peak is at 

1280 nm with driving current density 105 A/cm2. 
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Figure 5.16 Temperature dependence of the threshold current densities under pulse 

operation of laser sample L1 and L2. 

 

5.7 Conclusion 

In conclusion, we have investigated the optimizations of growth of InxGa1-xAs/GaAs SLSs 

DFLs by improving the GaAs spacing layer growth, indium composition and GaAs thickness 

in InxGa1-xAs/GaAs SLSs. The optimizations of DFL are proved by better laser devices 

performance, which shows growing GaAs spacing layer at high temperature, indium 

composition 18% and GaAs more than 8 nm in InxGa1-xAs/GaAs SLSs are more effective on 

balancing the strain and blocking threading. The low threshold current density InAs/GaAs QD 

lasers monolithically grown on Si have been demonstrated by using optimized DFLs. Our 

studies provide an essential step to improve the InAs/GaAs QDs laser monolithically integrated 

on Silicon photonics. 
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Chapter 6  

 

 

Conclusion and Future Work 

 

 

6.1 Summary of Present Work 

In order to improve the performance of InAs/GaAs QDs device based on Si substrates with 

MBE system growth, we have implemented InAlAs/GaAs SLSs DFL instead of InGaAs/GaAs 

SLSs DFL, which has been used to demonstrate laser devices with 625 A/cm2 and maximum 

operation temperature 45 °C by T. Wang [1]. The new type of DFL significantly reduced the 

threading dislocation density from ~1010  to ~106 cm-2 based on the measurement of 

transmission electron microscopy and etch pit density. So the performance of laser diode has 

been improved with high operation temperature (maximum 85 °C) and low threshold current 

density (194 A/cm2) under pulsed mode operation. Before we fabricate the laser device, we 

compared the photoluminescent intensity, TEM cross-section measurements and AFM surface 

morphology of samples which grown at same condition but with InAs QDs DFL, InGaAs SML 

QDs, InAlAs/GaAs SLSs DFL and InGaAs/GaAs SLSs DFL separately. The results shown the 

InAlAs/GaAs SLSs DFL is an efficient type of DFL in QDs lasers grown on Si substrate. The 

InAs/GaAs QDs lasers grown on Si substrate are emitting at 1.27 μm at room temperature with 

output power of around 77 mW at pulsed mode. 

 

The first InAs/GaAs SLDs on Si substrate have been grown and fabricated based on the more 

random quantum dots size distribution. The great result shows the amplifier potential of SLD 

on Si for OEIC purpose. The SLDs emits a close-to-Gaussian spectrum around 114-nm 

bandwidth, with centre at 1255 nm. The measured maximum output power is 2.6 mW at room 

temperature. To achieve the superluminescense, the devices have been fabricated as two 
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section, 2-mm length gain and 1-mm length absorption. The shorter cavity length introduces 

more loss during on the facet and the photons emit through the facet are absorbed.  

 

The InGaAs/GaAs SLSs DFLs optimisations are also carried out in chapter 5. By improving 

the GaAs spacer layer growth between each set of DFL, the crystal quality is significantly 

improved. Also the well-balance between indium composition and blocking threading 

dislocations improve the QDs density, PL emission and efficiency of blocking threading 

dislocations. The 9 nm and 10 nm of GaAs thickness in InGaAs/GaAs SLSs can improve the 

relaxation of strain from InGaAs/GaAs SLSs. The optimised DFLs have been applied in laser 

device which compare with reference laser. The optimised DFLs provide lower threshold 

current density, higher maximum operating temperature and characteristic temperature into 

laser.  

 

6.2 Future Work  

Although we have successfully demonstrated the low threshold current density for InAs/GaAs 

quantum dot (QD) lasers and first InAs/GaAs QD superluminescent diode (SLD), which are 

both monolithically grown on Si substrate by molecular beam epitaxy system, the continues-

wave operation is keen to be achieved on Si baser devices especially for 1.3 μm InAs//GaAs 

QDs laser and SLD. The difficulties on Si platform rather than other III–V materials platform 

for instance InP, GaAs and GaN, are major due to the thermal cracker caused by the different 

of thermal expansion coefficient of Si and other III–V material. The ideal solution could be 

introducing thermal cycle annealing on GaAs buffer layer or use other type of buffer layer like 

AlAs and GaSb.   

 

InAs/GaAs QDs also have the potential to implement in the longer wavelength light emitting 

devices (1.5 μm, 2 μm etc.) for telecommunication proposes.  To achieve the mid inferred 

emitting, InAs/GaAs QDs need to be grown on more strain relaxed layer which GaAsSb 

metamorphic layer could help. Si platform is capable with mid-infrared emitting devices and 

molecular beam epitaxy has the function to deposit GaAsSb metamorphic layer on GaAs which 

have been achieved by H. Liu [2] and cap InAs/GaAs QDs with GaAsSb thin layer to extend 

the QDs emitting wavelength to 1.6 μm also demonstrated by H. Liu [3]. The next step of 1.5 

μm wavelength light emitting diode is to immigrate on Si platform from GaAs substrate which 

could refer to the established technique GaAs grown on Si substrate. The difficulties of longer 
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wavelength InAs/GaAs QDs on Si platform are similar to 1.3 μm wavelength; the threading 

dislocations propagating from the GaAs/Si interface destroy the performance of light emitting 

devices. Also the strain from the lattice mismatch between GaAs and Si could affect the 

InAs/GaAs QDs size so that the wavelength of photon emitting is dedicated.  

 

In order to significantly reduce the dislocation density from 106 to 105 cm -2 or even lower on 

Si substrate, same lattice constant material as Si is considered in work. The growth of GaP on 

Si substrate by MBE system has been achieved by T. J. Grassman [4], which brings the possible 

of immigration of GaP based light emitting device to Si based. Due to the similar lattice 

constant between GaP and Si, the GaP buffer layer could have better crystal quality in fewer 

dislocation and defects. However the major issues of growth of GaP on Si are P atoms could 

able to destroy the surface of Si substrate. With T. J. Grassman’s method of GaP grown on Si 

(001) has no APD/MF/ST observed based on his report, which inspired and motivated us to 

work device on GaP/Si.  

 

As we have improved the Si based laser, the optical circuit integration on Si or Si/Ge substrate 

is keen to achieve. Until now, bonding technique and CMOS has occurred most of results on 

Si substrate and their results are impressing: AlGaInAs quantum well laser bonding on Silicon-

on-insulator (SOI) emitting at 1538 nm with optical pumped [5]; an integration of laser and 

photodetector with InP/InGaAsP thin film structure bonding on SOI waveguide has been 

reported by G. Roleken [6]; A superluminescent LED based on InP bonding with silicon 

waveguide achieved by A. De Groote [7].  

 

Although there are tons of reports on bonding technique, QDs laser monolithically growth on 

Si integration still has the opportunity to explore its own area, because the high performance 

of monolithically grown QD lasers has lower threshold current density and higher operation 

temperature than bonding-lasers [8]. The issues of QDs lasers grown on Si are due to the 

difficulties of selective growth on Si substrate, SiN or SOI. Double heterosturecture laser 

AlGaAs/GaAs has been successfully selective growth on Si with SiN defined strip windows 

[9], which inspired us the possibility of QDs laser selective growth on Si.    

 

As we presented in Figure 6.1, the next project of our growth could be using SiN or SiO2 

waveguide as pattern on the substrate. The first step is to prepare the sample with 2 μm SiO2 
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layer on the Si substrate and dioxide the ridge for the laser growth. Then we can grow the GaAs 

buffer layer and the following laser active region within the SiO2 waveguide.  

 

 

Figure 6.1 Cross-section schematic diagram of InAs/GaAs QDs grow on Si substrate with 

pattern of SiNx waveguide.  

 

6.3 Growth Plan  

Based on the Grassman and Brenner’s study, GaP grown on Si substrate is workable. To grow 

GaP on Si substrate, migration enhanced epitaxy (MEE) technique needs to be used as the first 

20 layers of GaP with Ga prelayer. After the GaP buffer layer, defect filter layer (DFL) will be 

grown with three repeats because the defects density is lower on GaP buffer layer than GaAs 

buffer layer. After the growth of three repeats of DFL, 1.3 μm AlGaAs/GaAs cladding layer 

and 5 layers of InAs/GaAs QDs are grown at optimised condition. The 200 nm GaAs contact 

layer are grown on the bottom and top of AlGaAs/GaAs cladding layer for etch down propose. 

The device will be processed as 50-μm ridge and 3-mm cavity length. The shorter ridge is also 

worth to try.  
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