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Abstract 

Epitaxial growth of III–V materials on silicon (Si) substrates is one of the most promising 

techniques for generating coherent light on Si and offers a low-cost and high-yield 

solution for Si photonics. The main challenge of this technique is the large material 

dissimilarity between group IV and III–V compounds. These differences between group 

IV and III–V tend to produce various types of defects which all generate non-radiative 

recombination centres and dramatically undermine the promise of III–V materials. 

Multiple strategies for novel epitaxial growth technologies have been employed in order 

to reduce the defect density, resulting in high-quality III–V materials on Si.  

Very recently, III–V quantum-dot (QD) structures have drawn increasing attention for the 

implementation of compound semiconductor lasers on Si, due to their low threshold 

current density and reduced temperature sensitivity. In addition, QD structures have also 

been proven to be less sensitive to defects than conventional bulk materials and quantum 

well structures, mainly due to the stronger carrier localisation and hence reduced 

interaction with the defects. As a result, high-performance Si-based QD laser devices 

have been developed intensively. In order to fully utilize the advantages of Si photonics, 

the next challenge is to monolithically integrate the high-performance III-V QD lasers 

with other components, such as modulators and waveguides on a Si platform for 

information processing and transmission systems. 

In this thesis, an investigation of Si-based QD laser performance in a practical data 

communication system has been carried out in Chapter 3. An ultra-low relative intensity 

noise of <–150 dB/Hz and 25.6 Gb/s data transmission over a 13.5 km single-mode fibre 

by an externally modulated QD laser on Si have been demonstrated. Post-fabrication of 

Si-based QD lasers by focused ion beam and selective area intermixing of III–V QD on 

Si is discussed in Chapters 4 and 5, respectively. All of the studies aim to prove the 

feasibility of enabling the direct integration of Si-based QD lasers with other Si photonics 

components to provide a comprehensive Si photonic integration technology. 

 



 

 4 

Impact statement 

The ever-growing increase in global internet traffic imposes significant challenges on 

data centre operators. Traditional copper cabling with a slow data transfer capacity and 

expensive III-V optical transceivers are stifling data centre evolution. Silicon photonics, 

on the other side, offers the promise of low-cost solutions for optical communications and 

high-speed interconnects as a result of the maturity of CMOS processing technology. 

Over the last 30 years, many CMOS-compatible silicon photonics components have been 

realised, including optical modulators, high-speed photodetectors and various waveguide 

structures. However, the lack of a reliable and efficient integrated light source has become 

the bottleneck of the whole silicon photonics industry due to the indirect bandgap of 

silicon. In contrast, direct bandgap III–V compounds have robust photonic properties that 

can be tailored for III–V emitters operating at various wavelengths with high efficiency, 

large direct modulation bandwidth and sufficient optical power output for many photonic 

applications. Monolithically integrating III–V photonic components with silicon 

microelectronics would thus provide the ideal solution for silicon photonics with low-cost 

and high-volume manufacturability. Moreover, use of the novel material of self-

assembled III–V quantum dots as the active region of the lasers brings superior benefits 

of temperature stability and high-temperature operation. However, the application of 

monolithically grown III–V quantum dot lasers on silicon in photonic integration circuits 

is still in the research stage, and there are still challenges remaining before 

commercialisation can be achieved. 

This PhD research project firstly focuses on the demonstration of high-performance III–

V quantum dot lasers directly grown on silicon substrates that can be fully utilised as 

reliable light sources in 25 Gb/s data transmission. This work shows that the 4 × 25 Gb/s 

optical transmitters, which are compatible with the IEEE 100 Gb/s Ethernet standard, can 

be developed by our monolithically grown lasers for future intra-data centre 

communication. Our work has been selected as the cover story in the high-profile journal 

Photonics research. 

Moreover, the feasibility and implementation methods of the integration of grown lasers 

with electro-absorption modulators on the same silicon platform have been studied in this 

thesis. These works will make significant contributions towards the realisation of 



 

 5 

comprehensive low-cost optical transmitters for silicon photonics. The final goal of our 

work is to develop low-cost silicon photonics chips containing dozens or even hundreds 

of compact monolithic III–V lasers, which will expedite the progress toward terabyte-

scale data transfer. We believe it will have a decisive impact on the data communication 

industry.  
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Chapter 1  

Introduction 

1.1 On-chip light emitters for silicon photonics 

The explosive growth of global internet protocol traffic is predicted to reach 3.3 ZB 

(ZB=1000 EB) in 2021 according to a Cisco forecast [1], which brings a huge challenge 

for the data communication industry, and especially for data centres. As the need for data 

channel rates inside data centres scales to 100 Gb/s and beyond [2], traditional copper 

cabling is stifling this data centre evolution because of its slow data transfer capacity [3]. 

New interconnection schemes with optical interconnect for data transmission have been 

launched to provide higher throughput and reduced power consumption [4]. Figure 1.1 

summarizes the evolution of Google intra-data centre optical interconnect technology [5]. 

In the first design of the data centre in 2004, only the copper cables were utilized. In 2007, 

Google was likely the first to adopt optical interconnection, i.e. 10 Gb/s vertical-cavity 

surface-emitting laser (VCSEL) in multi-mode fibre (MMF) in the data centre. By 

increasing the number of lanes and doubling the data rate, the second generation of 40 

Gb/s and third generation of 100 Gb/s were achieved [5]. However, MMF transmission  

using VCSEL (850 nm) is typically limited to a link distance of below 300 m [6]. It can 
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be only used for transmission between servers and top of rack switch. Wavelength-

division multiplexing (WDM) with directly modulated laser (DML) array and single-

mode fibre (SMF) technology was used for more extended reach (leaf to spine and above) 

[7]. The fourth generation of 400Gb/s optical transceivers are also being deployed in the 

data centres by using more bandwidth-efficient external modulation (PAM4: four-level 

pulse amplitude modulation) and further increasing the lane number [6]. 

 

Figure 1.1 Evolution of Google intra-data centre interconnects technology [8]. 

In today’s data centre, for example, in Google Jupiter data centre, a mix of copper, short-

reach multimode optics, and long-reach single-mode optics are employed to achieve the 

maximum cost effectiveness [5]. The total number of optical transceivers used is more 

than 100,000 per fabric [5]. Therefore, to reduce the price of the transceivers is significant 

for data centre development. Indium phosphide (InP) and silicon (Si) are the commonly 

used platforms for large-scale integration of the optical components for the medium and 

long optical links [9]. Although InP-based photonic integration circuits offer a state-of-

the-art performance of optoelectronic devices and dominate the transceiver market for 

metro and long-haul telecom transmission [10], the high substrate cost ($4.55/cm2) and 

small wafer size of InP (maximum 150 mm) [11] limit the substantial applications for the 

shorter-reach (from hundreds metres up to 10 km) intra-data centre networking [12]. In 

contrast, the Si complementary metal-oxide-semiconductor (CMOS) platform allows 

higher volume manufacture of Si optical component technology at much larger wafer 

sizes (maximum 450 mm) [13]. Benefiting from the low-cost Si substrate ($0.20/cm2) 

and the advanced CMOS techniques, Si photonics offers the tantalising promise of cost-

effectively fulfilling the ever-growing requirements for hyper-scale data centres [14]–

[17]. 
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Si photonics research can be dated back to the 1980s. Over the last few decades, the Si 

photonics community has made tremendous progress towards developing individual Si-

based photonic building blocks, including Si-on-insulator (SOI) waveguides [18][19], Si 

modulators [20]–[23], multiplexers/demultiplexers [24][25] and Ge photodetectors [26]–

[28]. However, full utilisation of silicon photonics has been severely limited due to the 

indirect bandgap of Si and Ge, a significant challenge posed by nature [29]. Thus, it is 

challenging to use group IV materials as efficient light emitters. All recent lasers 

developed on group IV materials, such as Si Raman lasers [30] and Ge lasers by band 

engineering [31][32], have resulted in high threshold current and low quantum efficiency. 

To circumvent the inefficient light emission from Si, current approaches for realising on-

chip light sources typically utilise heterogeneous integration of well-established III–V 

semiconductor lasers with Si substrates via three methods: die bonding, wafer bonding or 

direct epitaxial growth [29], [33]–[38].  

Firstly, die bonding is used to integrate pre-fabricated photonic components on Si with 

III–V lasers grown on their native substrates [39]. This method allows the pre-testing of 

laser devices before integration and potentially retains the high reliability of the photonic 

chips. The conventional die bonding method has a high assembly cost, and large-scale 

integration is disabled by the accuracy alignment requirements [37][39]. Novel 

approaches [40]–[42] have been taken to increase the alignment tolerance and improve 

the fabrication volume for the new generation of die bonding. On the other hand, the 

wafer bonding allows the wafer-scale process after bonding III–V thin film on Si/SOI 

substrates, which enables potential lower cost, better alignment and higher density of 

integration [38]. Both of die [41] and wafer bonding [43] can realise the efficient 

waveguide coupling from the III–V laser to the patterned SOI wafer via “evanescent 

coupling” by the refractive index contrast. Recently, Intel has successfully launched the 

100 Gb/s Si-based optical transceivers via the hybrid Si laser (wafer bonding) technique 

[39] and is shipping them in volume. 

Although the integration of III–V lasers on Si via die/wafer bonding has already been 

commercialised, the manufacturing volume is still limited by the wafer size of III–V 

substrates. The third approach, direct epitaxial growth of III–V materials on Si substrates, 

allows III–V compound materials to be grown directly on large-size Si wafers using 

molecular beam epitaxy (MBE), chemical vapour deposition (CVD) or vapour phase 
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epitaxy (VPE) [44] technologies. Thus, it seems more promising for low-cost and high-

volume manufacturability in the long-term [37]. For applications such as ultra-high-

bandwidth optical interconnections, the required number of light sources may exceed 

1000 for over 10 Tb/s bandwidth by assuming 10 Gb/s per channel [45]. Achieving a 

large number of lasers required is only viable economically using the monolithic 

integration approach. The comparison between different heterogeneous integration 

strategies on Si is summarised in Table 1.1. 

Table 1.1 Comparison of different heterogeneous integration methods on Si substrates. 

Integration method Integration density CMOS compatibility Cost 
Overall 

maturity 

Die bonding Low Back-end compatible High Mature 

Wafer bonding Medium Back-end compatible Medium Mature 

Monolithic growth High 
Potentially front-end 

compatible 

Potentially 

very low 
R&D 

 

1.2  Challenges and strategies for monolithic integration of 

III–V on Si  

The idea of monolithic integration of III–V materials on a Si platform is, of course, not a 

new topic. The first attempts to grow GaAs thin films on Si substrates were made in the 

1980s [46][47] and continued in the 1990s with InP-based materials on Si, especially at 

NTT in Japan [48][49]. This approach, despite being investigated for decades, made little 

progress. This is because, unfortunately, monolithic III–V-on-Si integration faces 

significant challenges stemming from the large material dissimilarity between group III–

V and group IV materials, including polar III–Vs versus non-polar Si surfaces, different 

thermal expansion coefficients and large lattice mismatch [50]–[52]. In this section, the 

defects caused by each material dissimilarity and the corresponding strategies to suppress 

different types of defects during the III–V growth are discussed in detail, respectively. 
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1.2.1 Antiphase boundaries 

 

Figure 1.2 (a) Schematic diagram of polar and non-polar surfaces between III–V and Si, 

where the monoatomic steps result in APBs [53]. (b) AFM image of the APDs raised to 

wafer surface. 

The first issue, as seen in Figure 1.2 (a), is the formation of antiphase domains (APDs) 

when growing polar III–Vs on non-polar Si substrates. In practice, monoatomic steps (or 

an odd number of atomic steps) exist on the clean Si (001) surface [53], which induces 

the formation of two domains as the III–V epitaxial growth proceeds with opposite sub-

lattice allocation [54]. The APDs are separated by homo-atomic bonds, either III–III or 

V–V bonds, which are known as antiphase boundaries (APBs). The APBs can be self-

annihilated or rise to the surface (Figure 1.2 (b)). APBs are electrically charged planar 

defects and act as non-radiative recombination centres and leakage paths for 

optoelectronics devices and electronic devices, respectively. The negative influence of 

APBs on the optical properties of III–V materials is evidenced by photoluminescence (PL) 

quenching and spectral linewidth broadening [54]–[56], while their impact on electronic 

devices is characterised by significantly reduced electron mobility [56][57]. It has been 

shown that APB-free GaAs/Si can be achieved by the self-annihilation of the APBs or by 

the perfect doubling of the height of all silicon surface steps, as demonstrated in Figure 

1.3 (a) and (b), respectively. An effective approach for the double atom step formation of 

the Si surface is a 4–6 miscut angle oriented towards the [011] Si plane, and this has 

been widely used in the monolithic growth of GaAs on Si substrates [58]–[60]. 
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Figure 1.3 Schematic diagram of polar and non-polar surfaces between III–V and Si. (a) 

Self-annihilation of APBs occurring in monoatomic steps. (b) APB-free state achieved by 

double steps.  

However, Si (100) substrates with an offcut of 4–6 to the [100] plane have the 

disadvantage of not being readily compatible with standard CMOS fabrication, where 

wafers with nominally (001) silicon substrates are used. In general, nominal silicon 

substrates, i.e. so-called “exact” (001) silicon substrates with a miscut angle less than 0.5 

[50][61], have been used in standard microelectronics fabrication. There are four main 

methods which have demonstrated successfully grown APB-free GaAs on “exact” (001) 

Si substrates.  

The first approach used a GaP/Si template grown by VPE and metal-organic vapour phase 

epitaxy (MOVPE) [62], as shown in Figure 1.4 (a). After the deoxidisation of a Si 

substrate with a slight off-orientation of 0.12 towards [110], by chemical treatment and 

high-temperature baking, a 500 nm homoepitaxial Si buffer was grown at high growth 

temperature (850 ℃) and pressure (200 mbar) by VPE. The Si surface then underwent 

thermal annealing under a very high hydrogen pressure of 950 mbar in the VPE chamber. 

A clear tendency of step doubling along both <110> directions was observed after this 

annealing (Figure 1.4 (b)). A thin GaP nucleation layer (NL) was then grown at a low 

growth temperature by MOVPE in order to achieve a charge-neutral interface [63] and 

two-dimensional (2-D) growth. A high-temperature overgrowth GaP layer was grown 

afterwards to promote self-annihilation of the remaining APDs. Based on this APB-free 

GaP/Si template, electrically pumped III–V lasers directly grown on (001) Si have been 

reported recently [64][65]. 
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Figure 1.4 (a) Schematic diagram of the epitaxial layer of a GaP/Si template. (b) AFM 

image of exact (001) orientated Si sample with a miscut of 0.12 towards [110] plane 

[62]. 

Another direct growth approach uses a GaAs-on-v-groove Si (GoVS) template [66] 

instead of a GaP intermediate buffer layer to prevent the formation of APBs and to reduce 

the threading dislocations of the epitaxial GaAs layer. Figure 1.5 (a) shows the growth 

method. In this approach, the N-doped on-axis Si substrates were firstly patterned with 

SiO2 stripes using standard dry etching techniques, followed by an RCA-1 clean 

(NH4OH:H2O2:H2O = 1:1:5) and a rapid HF (1%) dip to remove the native oxide before 

immediately wet etching the v-grooves using KOH solutions [67]. The epitaxial growth 

of GaAs on the patterned v-groove substrate was performed by metal-organic chemical 

vapour deposition (MOCVD) in the following sequence: thermal cleaning of patterned Si 

substrates, selective area heteroepitaxy of GaAs nanowires [68], SiO2 stripe removal, the 

coalescence of GaAs to form GaAs planar film, growth of superlattices, and finally the 

growth of a GaAs buffer layer to complete the growth of the GoVS template. The great 

promise of this growth method comes not only from the ability to form a unique defect 

trapping effect (see Figure 1.5 (c)) [54][69] but also from the removal of the difficulties 

in achieving coalescence over dielectric patterns [54]. AFM measurement has been 

employed to assess the quality of the GoVS template and has revealed a root-mean-square 

(RMS) roughness of 0.9 nm [54], as shown in Figure 1.5 (b), indicating a good template 

quality without APBs. 
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Figure 1.5 (a) Flow chart of GoVS template by MOCVD. (b) AFM image and (c) TEM 

image of ~300 nm coalesced GaAs thin film grown on a nanowire array [68]. 

The third growth method for APB-free GaAs is direct growth on on-axis Si (001) 

substrate without the use of any intermediate buffer layers or patterned Si substrates by 

MOCVD [56]. In the initial growth step, on-axis Si (001) wafers were deoxidised by the 

SiConi [70] process using NF3/NH3 remote plasma, and then transferred into an MOCVD 

reactor to perform H2 annealing at 900 ℃, forming a bi-atomic step surface structure (see 

Figure 1.6 (b)). The height of each step is around two atoms. Subsequently, the chamber 

was quickly cooled down to 700 ℃ within  30 s to freeze the Si surface structure. 

Afterwards, the 400 nm GaAs buffer layer was grown by a two-step process: a 40 nm NL 

was deposited at a low temperature (400–500 ℃); the other 360 nm was then deposited 

at high temperature (600–700 ℃). Thus, APD-free GaAs thin films on normal Si 

substrates were achieved with a surface roughness of 0.8 nm, as shown in Figure 1.6 (c) 

[56]. By applying this GaAs/Si virtual substrate, an electrically pumped III–V laser on 

on-exact Si has been reported [71]. 
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Figure 1.6 (a) 5 × 5 μm2 AFM image of 400 nm thick GaAs grown on unoptimised Si 

(001): high density of APBs with RMS roughness of 1.6 nm. (b) 2 × 2 μm2 AFM image of 

double-stepped 0.15 Si (001) substrate after optimised preparation (annealing under H2). 

(c) 5 × 5 μm2 AFM image of APB-free 150 nm thick GaAs grown on optimised 0.15 Si 

(001) with RMS roughness of 0.8 nm [56]. 

More recently, an APB-free GaAs buffer grown on on-axis Si (100) was demonstrated by 

using only the MBE process [72]. In this work, a 40 nm Al0.3Ga0.7As seed layer was grown 

on Si (001) substrate at a relatively high temperature (500 ℃) and high growth rate of  

1.1 μm h−1. The APBs could be annihilated within the following GaAs buffer layer of less 

than 400 nm, as shown in Figure 1.7. 

 

Figure 1.7 TEM image of GaAs buffer grown on Si (001) substrates by MBE. The arrows 

indicate the APBs which were self-annihilated within the GaAs buffer less than 400 nm 

[72]. 
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1.2.2 Thermal cracks 

 

Figure 1.8 (a) SEM image of a thermal crack of GaAs buffer grown on Si [73]. (b) Top 

view of thermal cracks on the wafer surface. 

The second issue is related to the creation of thermal cracks, as seen in Figure 1.8, due to 

the difference in the thermal expansion coefficients between group III–V and group IV 

materials. This difference promotes the accumulated thermal stress, which is then relieved 

by emerging thermal micro-cracks in the epi-layer during cooling from the growth 

temperature to room temperature (RT). The thermal expansion difference limits the 

maximum thickness of III–Vs that can be grown on Si, and the typical critical thickness 

for the onset of crack formation in GaAs epi-layers on Si is ~7 μm for a growth 

temperature of ~575 ℃ [73]. The equation of the critical thickness (tc) is given by 

𝑡𝑐 =
𝛤𝐸𝑓̅̅ ̅̅

𝑍𝜎2                                         Equation 1.1 

where 𝛤 is the fracture resistance, 𝐸𝑓
̅̅ ̅ is the biaxial modulus of the epitaxial layer, 𝑍 is a 

dimensionless driving force number, and 𝜎 is the stress value, which is equal to 

𝜎 = 𝐸𝑓
̅̅ ̅(𝛼𝑓 − 𝛼𝑠)𝛥𝑇                         Equation 1.2 

where 𝛼𝑓 and 𝛼𝑠 are the thermal expansion coefficients of the grown film and substrate 

and 𝛥𝑇 is the change in temperature. Figure 1.9 shows the critical thickness of the thermal 

crack as a function of the change in temperature when the GaAs buffers were grown on 

Si and SiGe substrates. 
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Figure 1.9 Experimental data (labelled ex) and theoretical data (labelled th) of the 

critical thickness of crack formation of GaAs on SiGe and Si substrates against the 

change in temperature [73]. 

From equations 1.1 and 1.2, it can be seen that the probability of forming cracks depends 

on many parameters including III–V material properties, total layer thickness and 

composition, and also on the growth conditions [74]. The thermal cracks can be reduced 

by strain compensation [75]. Another approach is to release the large thermal stress by 

employing selective area growth and growth on pre-patterned Si substrates due to strain 

relaxation near the pattern edge [76][77]. 

1.2.3 Threading dislocations 

 

Figure 1.10 (a) Stained lattice of GaAs grown on Si by the mismatched lattice constant. 

(b) TDs at the interface of GaAs and Si substrate. 

The last issue, as seen from Figure 1.10 is related to the formation of threading 

dislocations (TDs) in the III–V layers grown on Si. The lattice mismatch between GaAs 

(InP) and Si is about 4% (7.5%). This mismatch results in a strain on the lattice of the epi-

layer, and the strain energy is proportional to the deposition thickness. If the thickness of 
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the epi-layer is over the pseudomorphic critical point, the accumulated strain is 

energetically relaxed during epitaxial growth through the nucleation of dislocations at the 

interface [54], creating two types of dislocations: misfit dislocations and TDs on the order 

of 109–1010 cm-2. The former, concentrated at the III–V/Si interface, enable the release of 

the strain energy, while the latter propagate into the III–V materials acting as non-

radiative recombination centres and eventually promote defect diffusion along the 

dislocation line [78], and hence reduce the quality of III–V materials as well as the 

operating performance and lifetime of devices fabricated from them [52].  

Multiple strategies have been developed by different research groups to suppress TD 

generation and propagation. For example, the GoVS template described above also brings 

benefits in reducing the TD density due to its unique “aspect ratio trapping” effect [54]. 

For unpatterned Si substrates, a typical III–V NL grown at relatively low growth 

temperature could help to reduce the TD density and smooth the surface roughness as 

mentioned above [71], [79], [80] An optimisation study of the growth temperature of NL 

on off-cut Si has been reported, and it was shown that when the initial layer of thin GaAs 

was grown at the optimised temperature of 400 ℃ with a low growth rate of 0.1 

monolayer (ML)/s, a lower density of defects was propagated into the GaAs buffer layer 

(Figure 1.11). Moreover, a higher quality of GaAs buffer was achieved by replacing the 

GaAs NL with an AlAs NL [81]. As shown in Figure 1.12, compared with GaAs NL, 

AlAs NL could confine more defects effectively and provided a better interface for 

succeeding III–V layer growth. After the NL, an improved morphology of the GaAs 

buffer layer can be obtained by a multi-step growth method [57][79]. The AlAs NL and 

multi-step growth temperature confine most of the defects in the first 200 nm of the GaAs 

buffer layer [60]. However, the TD density is still relatively high at this stage and needs 

to be further suppressed.  

 

Figure 1.11 TEM images of GaAs/Si for GaAs NL grown at (a) 380 ℃, (b) 400 ℃ and 

(c) 420 ℃ [79]. 
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Figure 1.12 Dark field cross-section of TEM image of GaAs/Si interface with (a) GaAs 

NL and (b) AlAs NL [81]. 

It is also known that the TD density decreases with increasing layer thickness [82], but 

unfortunately, the thickness required to reach a relatively low TD density is much larger 

than the critical thickness for cracking. It is not applicable to this situation [83]. Apart 

from simply growing thick epitaxial layers, it is possible to reduce TD densities by 

intentionally designed thin layers, which are known as dislocation filter layers (DFLs) 

assembled by strained-layer superlattices (SLSs). Each SLS is made of a few periods of 

InGaAs/GaAs or InAlAs/GaAs, which are repeated several times, separated by GaAs 

spacing layers. The role of SLSs is to inhibit dislocation propagation by bending them 

into the growth plane and allowing two TDs to meet and annihilate [84]. The optimisation 

of InGaAs/GaAs DFLs was investigated by adjusting the growth conditions and structure 

of InGaAs/GaAs SLSs, in order to improve the filter efficiency [85]. By using five layers 

of InAlAs/GaAs SLSs as DFLs, the density of TDs after these DFLs could be effectively 

reduced to the order of ~106 cm-2 [86]. In addition, the in situ thermal annealing technique, 

whereby annealing is carried out at a high temperature for a certain time in the MBE 

reactor while the epitaxial growth is paused (Figure 1.13), has been seen to be an effective 

approach to improve the DFLs’ effect further. This can be explained by the increased 

kinetic energy of the dislocations, which in turn increases the in-plane movement of the 

TDs, therefore further enhancing the annihilation efficiency [84].  
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Figure 1.13 TEM image of GaAs buffer grown on Si with three DFLs. The dashed lines 

indicate the positions where in situ annealing was performed [84]. 

Multiple growth strategies were applied to achieve high-quality epitaxy layers. At first, 

the AlAs NL and multi-step GaAs buffer growth were utilised, as shown in                    

Figure 1.14 (a). The optimised four-layer In0.18Ga0.82As/GaAs SLSs were then grown as 

DFLs to block the propagation of TDs, and in situ thermal annealing was also performed 

before and during the DFL growth to further improve the material qualities. Figure 1.14 

(c) presents the density of TDs at the different positions indicated in Figure 1.14 (b). After 

these four layers of DFLs, the TD density is reduced from 109 cm-2 to 105 cm-2 [60]. 

 

Figure 1.14 (a) Dark field TEM image of GaAs/Si interface with 6 nm AlAs NL. (b) Bright 

field cross-section TEM image of four-layer DFLs. (c) Dislocation density measured in 

different positions, as indicated in (b) [60]. 

However, compared with the III–V laser structure grown on a native substrate with a 

defect density of <104 cm-2, the relatively high dislocation density of III–V grown on Si 
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leads to device failure and shorter lifetime of lasing [74]. Specifically, the GaAs quantum 

well lasers grown on Si with relatively high defect density ( > 106 cm-2) have only shown 

a few seconds [87] and up to 200 hours lifetime [88]. These results have not reached the 

demand of long-time reliable operation (over 106 hours lifetime) in commercial 

telecommunication applications [89].  Fortunately, the use of a novel material based on 

quantum dots (QDs) as the active region for the semiconductor laser has shown a 

tremendous behaviour of high dislocation tolerance. Besides, the QD laser also shows 

benefits in threshold current, differential gain, thermal stability and other dynamic 

properties. Thus, in the next section, the details of the QD theory and its advantages will 

be discussed, respectively. 

1.3  III–V QD laser 

1.3.1 QD theory 

The idea of using a heterostructure as the active region was first theoretically predicted 

by Kroemer in 1963 [90]. However, it was not until the demonstration of the first double-

heterostructure semiconductor lasers in 1970 [91] that the importance of carrier 

confinement to the active region was discovered. Since then, the semiconductor laser 

community has made tremendous progress in implementing quantum-confined 

semiconductor lasers.  

In a bulk semiconductor material, carriers within the structure are only restricted by the 

band offset, which means the carriers could easily move to other states with additional 

thermal energy (kBT). Because of this excess thermal energy, the need for energy for 

photon emission will be more than the expected bandgap energy (Eg + kBT). On the other 

hand, increasing temperature will aggravate the thermal spreading of injection carriers 

from ground states (GSs), resulting in a rise of threshold current, leading a strong 

temperature-dependent behaviour. 

In a quantum-confined structure, the spatial dimension is ultra-small and comparable to 

the electron wavelength (de Broglie wavelength𝜆𝑑𝑒𝐵). Thus the movement of the electron 

is confined. The momentum (𝑝) and average kinetic energy (𝐸) of an electron in three 

degrees of freedom can be written as [92]:  

                                                    𝑝 =
ℎ

𝜆𝑑𝑒𝐵
=  ℏ

2𝜋

𝜆𝑑𝑒𝐵
                                    Equation 1.3 
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                                         𝐸 =
𝑝2

2𝑚
≈

3

2
𝑘𝐵𝑇                                    Equation 1.4 

where ℏ is the reduced Planck’s constant, and m is the mass of the electron. Therefore, 

the de Broglie wavelength associated with kinetic energy equals 

𝜆𝑑𝑒𝐵 = √
4𝜋2ℏ2

3𝑚𝑘𝐵𝑇
                                     Equation 1.5 

According to the above equation, the size scale for effective quantum confinement can be 

estimated. It has been shown that the small structure causes the band of energies to turn 

into discrete energy levels. We call this phenomenon the energy sub-band, and it can be 

examined by Schrodinger’s wave equation. According to the time-independent wave 

equation [93]: 

[−
ℏ2

2𝑚

𝜕2

𝜕𝑥2 + 𝑉(𝑥)]𝜑(𝑥) = 휀𝜑(𝑥)                         Equation 1.6 

where 𝑉(𝑥) is potential energy, 𝜑(𝑥) is the electron wave function and 휀  is the total 

energy of the electron. The term in square brackets is defined as the Hamiltonian operator,  

�̂� = −
ℏ2

2𝑚

𝜕2

𝜕𝑥2 + 𝑉(𝑥)                                  Equation 1.7                                   

which is associated with the kinetic energy (first term on the right-hand side) and potential 

energy (second term on the right-hand side) [94]. Moreover, equation 1.6 can be rewritten 

as a second-order differential equation, 

𝑑2𝜑(𝑥)

𝑑𝑥2 + 𝑘2𝜑(𝑥) = 0                                     Equation 1.8 

where 

𝑘2 =
2𝑚

ℏ2 [𝐸 − 𝑉(𝑥)]                                    Equation 1.9 

The general solution for equation 1.8 is 

𝜑(𝑥) = 𝐴𝑒±𝑖𝑘𝑥 = 𝐴𝑠𝑖𝑛(𝑘𝑥) + 𝐵𝑐𝑜𝑠 (𝑘𝑥)                 Equation 1.10 

Assuming an electron is confined in a 1-D well in the 𝑥 axis with well width ∆ 𝑥 and 

infinite barrier height, as shown in Figure 1.15, the potential energy in the box model will 

be [93]: 

𝑉(𝑥) = {
      0, 𝑖𝑓 0 ≤  𝑥 ≤ ∆𝑥

∞, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 
                                  Equation 1.11  



 

 42 

 

 

Figure 1.15 Schematic diagram of the infinite potential well. 

The infinite potential barriers mean the probability for the electron at the wall and outside 

of the box is zero. Thus, the boundary conditions for this situation can be written as [93]: 

𝜑(0) = 𝜑(∆𝑥) = 0                                    Equation 1.12                                

Thus, we find that B is equal to 0 in equation 1.10, and the wave function is then equal to 

𝜑(∆𝑥) = 𝐴𝑠𝑖𝑛(𝑘∆𝑥) = 0                               Equation 1.13 

𝑘∆𝑥 = 𝑛𝜋,   𝑛 = 1, 2, 3 …                             Equation 1.14 

𝑘𝑛
2 =

𝑛2𝜋2

∆𝑥2 ,   𝑛 = 1, 2, 3 …                             Equation 1.15 

where n is an integer and represents the energy state levels, for example, n=1 means GS, 

n=2 means the first excited state and so on. Combined with equation 1.9, the discrete 

confined energy in the x-direction for the box model is  

                                           𝐸𝑐𝑜𝑛𝑓(𝑛) =
ℏ2

2𝑚
𝑘𝑛

2 =
ℏ2𝑛2𝜋2

2𝑚(∆𝑥)2                             Equation 1.16  

If a particle is confined in one direction and free in the other two dimensions, we call this 

material a 2-D quantum well (QW) structure. It is also possible to confine electrons in 

more directions. Two-directional confinement produces a 1-D quantum wire (nanowire) 

structure, and confinement in all three directions would produce a 0-D QD structure. The 

total energy of the electron in three directions for QW, nanowire and QD can be written 

as [95]: 

𝐸𝑄𝑊 = 𝐸𝑐𝑜𝑛𝑓(𝑛𝑥) + 𝐸𝑦,𝑧 =
ℏ2𝑛𝑥

2𝜋2

2𝑚(∆𝑥)2 +
ℏ2(𝑘𝑦

2+𝑘𝑧
2)

2𝑚
                          Equation 1.17 

                𝐸𝑛𝑎𝑛𝑜𝑤𝑖𝑟𝑒 = 𝐸𝑐𝑜𝑛𝑓(𝑛𝑥, 𝑛𝑦) + 𝐸𝑧 =
ℏ2𝜋2

2𝑚
(

𝑛𝑥
2

(∆𝑥)2
+

𝑛𝑦
2

(∆𝑦)2
) +

ℏ2𝑘𝑧
2

2𝑚
    Equation 1.18 
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𝐸𝑄𝐷 = 𝐸𝑐𝑜𝑛𝑓(𝑛𝑥, 𝑛𝑦, 𝑛𝑧) =
ℏ2𝜋2

2𝑚
(

𝑛𝑥
2

(∆𝑥)2 +
𝑛𝑦

2

(∆𝑦)2 +
𝑛𝑧

2

(∆𝑧)2)                Equation 1.19                          

From equation 1.19 for a QD structure, we can see that only discrete energies depending 

on 𝑛 are allowed in the QD structure due to the three-directional confinements. Figure 

1.16 demonstrates the functions of the density of states (DOS) for electrons in the 

conduction band with the energy in bulk, 2-D QW, 1-D nanowire and 0-D QD structures. 

The unique delta-like DOS of the QD demonstrates that the carriers are localised in the 

discrete energy levels. 

 

 Figure 1.16 Schematic diagram of DOS and thermal distribution of electrons in bulk, 

QW and QD structures [96]. 

Although the three-directional confinements of the QD concept were first theoretically 

proposed by Arakawa and Sakaki in 1982 [97], the practical application was limited by 

the production technique of QDs in the early stage. The turning point was when the 

Stranski–Krastanov (S-K) growth method to form self-assembled QDs came into use in 

the early 1990s [98]. The S-K growth method, alternatively known as the layer-island 

growth method, was proposed by Ivan Stranski and Lyubomir Krastanov in 1938 [99]. In 

1994, researchers from Fujitsu Laboratories coincidentally realised InAs QDs on GaAs 

by MBE, which emitted a telecommunication wavelength of 1.3 𝜇m [100]. Figure 1.17 

shows sketch diagrams of the growth of InAs QDs on GaAs by the S-K growth method. 

A 2-D thin layer of GaAs was grown on the substrate first, and several monolayers of 

InAs were then grown as follows. Due to the 7% mismatch in lattice constant between 

GaAs and InAs compounds, when the thickness of the InAs layer exceeds a critical value, 
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the deposition layer will be nucleated and assembled as an “island” in order to release the 

strain energy between the GaAs and InAs interface; the QDs thus are self-organised [100]. 

The size, uniformity and density of QDs grown depend on the growth conditions, such as 

the growth temperature and growth rate, and these need to be studied intensively to obtain 

the maximum advantages of QDs. 

 

Figure 1.17 S-K growth method of InAs/GaAs QD structure. 

The main driving force behind the utilisation of QD technology for the active layers of 

semiconductor lasers is the superior device performance obtained by taking advantage of 

the delta-function-like DOSs of the QD structure. Compared with conventional QW lasers, 

the main advantages of QD lasers are discussed in the following. 

1.3.2 Ultra-low threshold current 

The first benefit of the QD structure for the laser device is the ultra-low threshold current. 

The 3-D confinements in QDs focus the injection carriers into a narrower energy range 

than the QW structure. Thus, the population inversion can be satisfied with fewer 

injection carriers by the rapid filling of charge carriers into working energy states 

[52][101]. Although QD lasers soon exhibited the predicted outstandingly low thresholds, 

the early devices suffered from inhomogeneous broadening arising from the QD size 

fluctuation [102]. Therefore, reducing the inhomogeneous broadening of the QDs is one 

of the key factors in realising a high-performance QD laser with a low threshold current 

[103][104]. To this day, academic research groups all over the world have been competing 

against each other to demonstrate QD lasers with dramatically reduce threshold current 

densities by improving the QD epitaxy layer quality [105]–[110]. As shown in Figure 

1.18 , in a period of less than ten years the performance of QD lasers (regarding threshold 

current density) has surpassed that of state-of-the-art QW lasers, which have been under 

development over the last few decades [52].  
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Figure 1.18 Historical development of heterostructure lasers with record threshold 

current density at the time of publication (□ QD laser on GaAs; ■ QD laser on Ge; ○ 

QD laser on SiGe; ♦ QD laser on Si). CW indicates that the threshold current values were 

obtained from QD lasers under continuous operation. The rest were obtained from QD 

lasers tested in pulse mode [52].   

1.3.3 Improved temperature insensitivity 

In addition to the low threshold current, the improved temperature characteristics of the 

QD laser bring intense research attention and will open new markets [102]. In real 

applications, the ambient temperature for the laser operation is always in a wide range 

and even at very high surrounding temperatures (~200 ℃) [102]. The thermoelectric 

cooler, which requires a bulky power supply and increases the power consumption, is 

prerequisite to keep the active components within their operating temperature range. Thus, 

lasers that enable high-temperature operation and temperature-insensitive threshold 

current are highly desirable for telecommunications to avoid the cost and power 

consumption of thermoelectric coolers. The improved temperature insensitivity of QDs 

comes from the significantly enhanced energy separations between the discrete adjacent 

energy states, which can prevent thermal population by the charge carriers. However, the 

early QD devices did not show the predicted good temperature stability, mainly due to 

the thermally broadened hole distributions through the closely spaced hole levels [111]. 
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A typical electron energy separation in the conduction band is around 64 meV, while only 

~11 meV energy difference appears in the hole region. A breakthrough that helped QD 

lasers to get off the ground, regarding the temperature stability, was the utilisation of p-

type modulation doping during the QD growth. The key, at this point, was to counter the 

closely spaced energy levels by filling the excess holes [111][112].  

QD Laser Inc. is currently one of the world-leading suppliers of QD lasers and has 

delivered commercial products with nearly temperature-insensitive operation up to        

100 ℃, as we can see from Figure 1.19 [113]. In contrast, such temperature-insensitive 

operation had been impracticable with QW active regions. Moreover, the maximum 

operating temperature that could be achieved from their QD laser was as high as 220 ℃ 

[102].  

 

Figure 1.19 L-I curves of QD (left) and QW (other two-plane) Fabry-Perot lasers at 

different working temperatures [113]. 

1.3.4 Modulation bandwidth 

In the short-reach photonic networks markets, directly modulated lasers are attractive 

owing to their advantages of low cost and power consumption [114]. QD lasers have also 

demonstrated a compatible modulation bandwidth by optimising the laser cavity designs 

[115] and improving the maximum modal gain via the K factor [116]. The equation of      

-3 dB modulation bandwidth is: 

                                    𝑓−3𝑑𝐵,𝑚𝑎𝑥 =
21.5𝜋

𝐾
                                      Equation 1.20 

The K factor defines the highest modulation rate of a laser diode [117]: 
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𝐾 ≈
2𝜋𝛤

𝑓𝑟
2                                          Equation 1.21 

where Γ is the confinement factor and 𝑓𝑟 is the relaxation oscillation frequency, which 

equals  

𝑓𝑟 =
1

2𝜋
√

𝜕𝐺

𝜕𝑛

𝑆0(1−𝜀𝑆0)

𝜏𝑝ℎ
                            Equation 1.22 

where 
𝜕𝐺

𝜕𝑛
 is the differential gain, 휀  is the gain saturation coefficient, 𝑆0  is the photon 

density and 𝜏𝑝ℎ is the photon lifetime. According to the above three equations, the 

maximum modulation bandwidth is related to the photon lifetime. A short photon lifetime 

has shown a more significant relaxation frequency, thus resulting in an increased response 

frequency via a low value of K factor. The reduced photon lifetime can be achieved by a 

shorter laser cavity length [115], according to the equation: 

1

𝜏𝑝ℎ
=

𝑐

𝑛𝑟
(𝛼𝑖 +

1

2𝐿
𝑙𝑛

1

𝑅1𝑅2
)                               Equation 1.23 

Here, 𝑐 is the light speed, 𝑛𝑟 is the equivalent refractive index, 𝛼𝑖 is the internal loss, 𝐿 is 

the laser cavity length and 𝑅1,2 is the reflectivity index of mirrors of the laser cavity. 

However, the total optical loss is varied by changing the laser cavity. A shorter laser 

cavity tends to increase the mirror loss by equation ln (1/R1R2) 2𝐿⁄ , thereby raising the 

threshold gain of lasing. Once the threshold gain is larger than the maximum GS modal 

gain of QD material, the first excited state lasing takes place rather than the GS lasing 

[117]. In general, the excited states are working on higher threshold current densities, 

which causes the issues of lower injection efficiency and higher power consumption 

compared with GS lasing. On the other hand, the maximum GS mode gain is associated 

with the QD density and inhomogeneous broadening [118]. Therefore, the high quality 

of QDs with high dot density and large uniformity is also key for QD lasers in high-speed 

applications. The details of improving modal gain of QDs are discussed in Chapter 6. 

Figure 1.20 (a) displays the frequency response measurement of a 1.3 µm QD laser with 

various injection currents; a 3 dB bandwidth 𝑓−3𝑑𝐵 of 12 GHz is achieved at 50 mA bias 

current by employing the high modal gain [119]. Although the modulation bandwidth of 

the QD laser is lower than that of the QW laser, the superior thermal stability of QDs in 

the dynamic characteristics still makes it competitive in practical applications. Many 

reports describe the temperature-stable modulation bandwidth of QD lasers [120][121]. 
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Figure 1.20 (b) demonstrates the temperature dependence of the extinction ratio of the 

QD laser at 10 Gb/s modulation using the technology of modulated doping with an 

acceptor impurity [120]. The almost unchanged extinction ratio between 20 ℃ and 70 ℃ 

proves the superior temperature characteristics of QDs. 

 

 Figure 1.20 (a) RT small-signal modulation response of 1.3 µm QD laser with various 

injection currents (CW) [119]. (b) Temperature dependence of extinction ratio under 

modulation. Inset: eye diagrams at 20 ℃ and 70 ℃ [120]. 

1.3.5 Narrow spectrum linewidth 

Because of the existence of spontaneous emission in the laser cavity, the optical spectrum 

of lasing has a finite linewidth for a single-frequency laser. Unfortunately, it has been 

shown that the semiconductor laser has even higher linewidth compared with the solid-

state laser, due to the dependence of the refractive index (𝑛) on the carrier density (N) in 

the semiconductor [122]. The broad lasing linewidth is undesired for data transmission 

since it will cause a significantly increased phase noise, thus introduce errors during the 

data transmission [123][124]. As the injected current changes, the varied 𝑛 leads to a 

coupling between the amplitude and phase, thus, the factor of spectral line broadening is 

referred to as the coefficient of amplitude-phase coupling (α factor), or the linewidth 

enhancement factor (LEF) [125]: 

𝛼 = −
4𝜋

𝜆

𝑑𝑛 𝑑𝑁⁄

𝑑𝑔 𝑑𝑁⁄
                                                          Equation 1.24 

where λ is the wavelength and g is the gain per unit length. It has been shown that the 

coupling of phase and intensity fluctuation increases the laser linewidth by 1+ α2 [122]. 

Ideally, owing to the symmetric gain spectrum of the QD structure relative to its 

maximum, the α factor value and the variance of the refractive index are close to zero 
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[117][126] according to Kramers–Kronig relations [127], in comparison with the 

commonly observed α factor value in QW laser of 1.5 – 3 [128]. 

However, the ideal QD properties are challenging to realise as the presence of the 

inhomogeneous broadening and the excited states alter the gain spectrum [118]. The α 

factor was found to be increased with the injection current and raised quickly from 0 to 

more than 8 when the GS gain was near-saturated [129]. Still, the QD laser shows a 

relatively narrow linewidth [130][131], and the LEF value was reported to be 0.15 [132]. 

Moreover, the temperature independence of the QD laser is also applicable to the LEF 

value. It has been shown [133] that the values of α remained constant at ~3 from 20 ℃ to 

80 ℃ by p-type doping in the active region. 

1.3.6 High optical feedback tolerance 

In the practical applications, for example, the coupling of a laser into a fibre, a fraction of 

laser radiation emitted can again enter the laser cavity by external reflections. This 

disruption of coherence in laser radiation increases the relative intensity noise (RIN), and 

causes an enhanced probability of bit error in data transmission [134]. Optical isolators 

are typically employed to prevent this optical feedback and improve the stability of laser 

diodes; however, the utilisation of the isolators aggravates the cost and process 

complexity. The ability to operate laser devices without isolators is strongly desirable for 

cost-effective optical systems. In general, a theoretical expression for predicting the 

critical feedback level (𝑓𝑐𝑟𝑖𝑡) for the disruption of coherence in the laser cavity is derived 

by [135][136]: 

𝑓𝑐𝑟𝑖𝑡 =
𝜏𝐿

2(𝐾𝑓𝑟
2+𝛾0)2

16|𝐶𝑒|2
(

1+𝛼2

𝛼4
)                                      Equation 1.25 

where 𝜏𝐿 is the roundtrip delay within the laser cavity, 𝛾0 is the damping factor offset and 

|𝐶𝑒| =
1−𝑅

2√𝑅
. From the equation, a higher K factor and smaller α factor value will lead to 

an increased feedback tolerance. Thus, QD lasers have shown superior performance in 

optical feedback tolerance in theory and also in experiments [136]–[138]. For example, it 

was reported that the InAs/GaAs QD lasers exhibited a fairly high coherence collapse 

threshold of –8 dB, ascribed to the low value of α factor and large gain compression 

(higher K factor) by the QD gain media. This value is higher than the 𝑓𝑐𝑟𝑖𝑡  of 

approximately –30 dB of the QW laser reported [139]. Figure 1.21 shows a direct 

comparison of the calculated coherence collapse threshold of the QD laser and QW laser 
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with different K factors as a function of the LEF. It reveals a 10 dB increase of 𝑓𝑐𝑟𝑖𝑡 for 

the QD laser by the larger K factors with the LEF kept the same [136]. 

 

Figure 1.21 Coherence collapse threshold against the LEF of the QD laser and QW laser 

with different K factors [136]. 

1.3.7 High defect tolerance 

As described in section 1.2.3, one of the great benefits of QDs is that they have been 

proven to be less sensitive to defects than conventional bulk materials and QW structures, 

due to carrier localisation and hence reduced interaction with the defects [140]. As shown 

in Figure 1.22 (a), for conventional QW lasers, any TDs propagating through the QWs 

will become a non-radiative recombination centre. It leads to an increased threshold 

current or even “kills” the device. In contrast, for QDs structures, one TD can only kill 

one or a very limited number of dots, while still leaving the rest of dots intact and capable 

of providing sufficient optical gain to achieve lasing. Moreover, it is well-known that the 

QD structures are able to bend the TDs and hence reduce the density of TDs [140]–[142]. 

As shown in Figure 1.22 (b), the dislocation bending can occur beneath the QDs when 

strain energy is released through the generation of the misfit dislocation under the 

assumption that the shape of self-assembled QDs is a pyramid and a TD propagates 

towards the bottom of a QD. Consequently, the bending of dislocations generated a 

segment of misfit dislocations gliding below the island [140]. This concept was observed 

by transmission electron microscopy (TEM) measurements, as shown in Figure 1.22 (c). 
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The TD was slightly bent around the QD array due to the strong strain field of the QDs 

(left side of Figure 1.22 (c)), and even one of these QDs is able to help the TD bending 

toward the sample edge, rather than propagating perpendicularly to the surface (right side 

of Figure 1.22 (c)) [143]. Therefore, even in the presence of high-density dislocations, 

QD lasers are able to provide superior reliability compared to QW or bulk devices 

[144][54].  

 

Figure 1.22 (a) Schematic illustration of the interaction of a TD with a QW and QD laser 

[143]. (b) Cross-section schematic diagram of the mechanism of dislocation bending by 

a QD [140]. (c) TEM images of the TD in the QD region [143]. 

To further confirm this hypothesis, Liu et al. from UCSB [145] made a direct comparison 

of QD lasers with QW lasers, all grown on Si substrates with similar dislocation densities. 

To make a solid comparison and separate this effect away from other factors that may 

influence the laser performance, the growth, processing and measurement techniques 

employed in their study were kept identical. Figure 1.23 (a) and (b) compare the PL 

spectra of identical QD (QW) structures grown on Si and native GaAs substrates, 

respectively, at RT. While the integrated PL intensity of InAs QDs grown on Si only 

dropped roughly by 20%, the integrated PL intensity of In0.2Ga0.8As QW was degraded 

by more than a factor of 10 when moving the substrates from native GaAs to Si [145]. 

Two nominally identical laser structures (except for the active region) were grown as 

shown in the inset of Figure 1.23 (a) and (b) and then fabricated into ridge-waveguide 

lasers using the same processing procedure. Despite the similar current-voltage (I-V) 

characteristics obtained from those two different kinds of lasers [145], the behaviour of 

RT continuous-wave (CW) light-current (L-I) characteristics between Si-based QD and 

QW lasers was totally different. This is consistent with PL observations, with reasonable 
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CW lasing achieved only from Si-based QD lasers, while none of the QW samples was 

able to achieve RT CW lasing.   

Moreover, a theoretical explanation of the enormous performance disparity between Si-

based QW and QD structures by the impact of the dislocations has been reported in Liu 

et al. from UCL [146]. Using a rate equation travelling-wave model, the calculated L-I 

curves of QD lasers and QW lasers grown on Si with different dislocation densities are 

presented in Figure 1.24. The theoretical calculation has a good qualitative agreement 

with the experimental results and indicates a much higher defect tolerance of QD lasers 

compared with QW lasers. 

 

Figure 1.23 Comparison of PL measurement from (a) single InAs QD layer and (b) single 

InGaAs QW grown on GaAs and Si substrates. The insets of (a) and (b) are the TEM 

images of QD laser and QW laser grown on Si. Single-facet L-I curves for (c) QD laser 

and (d) QW laser grown on Si [145]. 
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Figure 1.24 Calculated L-I curves for (a) QD laser and (b) QW laser as a function of 

dislocation density. (c) and (d) show the threshold current density and L-I slope against 

dislocation density for QD and QW laser [146]. 

Thanks to the high-quality III–V buffer grown on Si by the various strategies and the QD 

structure as the active region, significant pioneering works on the monolithic integration 

of III–V QD lasers on Si have been reported by different research groups. The recent 

achievements are summarised in Table 1.2. 
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Table 1.2 Representative milestone of III–V/IV QD edge-emitting lasers by monolithic 

integration.

Year λ 

(nm) 
Substrates  Equipment Operation 

condition 
J

th
 

(A/cm
-2

) 
T

max
 

(℃) 
Ref.  

2005 1100 Si (001) misoriented 4 

towards [111]  
MBE RT (Pulsed)  ~ 1500 95 [58] 

2011 1302 Si (001) misoriented 4 

towards [110]  
MBE RT (Pulsed) 725 42 [59] 

2012 1280 Ge/Si (001) misoriented 6 

towards [111]  
MBE RT (Pulsed / 

CW) 
64.3 / 

163 
84 / 30 [147]  

2014 ~1250 Ge/Si (001) misoriented 6 

towards [111]  
MBE RT (CW) ~426 119 [148] 

2016 1315 Si (001) misoriented 4 

towards [110]  
MBE RT (Pulsed / 

CW) 
~ 50 / 
62.5 

120 / 
75 

[60] 

2017 1280 GaP/Si (001)  VPE+MOVPE+MBE RT (CW) 860  90 [64] 
2017 1250 V-groove Si (001) MOCVD+MBE RT (CW) 333 80 [66] 
2017 1292 Si (001) MOCVD+MBE RT (Pulsed / 

CW) 
240 / 425 102 / 

36 
[71] 

2018 1299 GaP/Si (001)  VPE+MOVPE+MBE RT (CW) 229.8 80 [65] 
2018 

2019 
2019 

1250 

1225 
1284 

Si (001) 

Si (001) 
V-groove Si (001) 

MBE 

MBE 
MOCVD+MBE 

RT (Pulsed) 

RT (CW) 
RT (CW) 

320 

370 
286 

70 

101 
80 

[72] 

[149] 
[150] 

RT, CW, J
th
 and T

max
 represent room temperature, continuous-wave, threshold current density and maximum lasing temperature, 

respectively. 



 

 55 

1.4 Perspective: integrated III-V QD photonic transmitter on 

Si platform 

Over the past decade, the Si photonics community has made tremendous progress on 

individual building blocks of Si photonics, and many Si photonics components have been 

realized, including modulators [20]–[23], high-speed photodetectors [26]–[28], and 

various waveguide structures [18][19], as described earlier. However, the lack of a 

reliable and efficient Si-based laser has become the bottleneck of the whole Si photonics 

industry [29]. In a breakthrough development, our group at UCL has shown that it is 

possible to grow high-performance III-V QD semiconductor lasers directly on Si 

substrates [60], opening up the possibility to create a new Si technology that 

monolithically integrates individual photonic devices. Given that, following this 

achievement on monolithic III-V QD lasers on Si, our next goal is to develop a fully 

integrated Si photonic III-V QD transmitter chip. As shown in Figure 1.25, the proposed 

Si-based optical transmitter consists of a QD distributed feedback (DFB) laser operating 

at O-band, an QD electro-absorption (EA) modulator and SOI waveguide.  

 

Figure 1.25 Schematic diagram of monolithic integration of a DFB laser, EA modulator 

and SOI waveguide on Si platform. 

• QD DFB laser: To achieve the single optical channel interconnects for the WDM, 

the single-mode DFB laser with careful cavity/grating design is one of the keys 

for the transmitter. For the conventional DFB laser development, two epitaxial 

growth sequences are normally involved in realising the feedback grating 

paralleled to growth plane, either below or above the active region [151]. This 
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approach undoubtedly aggravates the fabrication complexity and cost. 

Alternatively, a simplified technique named lateral surface gratings has been 

developed for the DFB laser, which avoids the complicated regrowth step 

[152][153]. As shown in Figure 1.25, the DFB grating can be realised by etching 

along the side of the laser stripe in a single post-growth processing step. Recently, 

based on this lateral surface gratings technique, the first QD DFB laser array 

directly grown on Si has been demonstrated with single-mode side mode 

suppression ratios as high as 50 dB and a wavelength covering a range of 100 nm 

at O-band [154]. Unfortunately, the DFB laser has shown second order transverse 

mode lasing, which is impractical for data transmission and still needs more effort.  

• QD EA modulator: The single-frequency lasing emitted from the DFB laser is 

then modulated by the EA modulator. In this design, the laser diode and EA 

modulator section have the same epitaxy layers by MBE growth. Thus the light 

can be easily coupled by butt-jointed coupling at the same height without 

requiring a regrowth scheme. The laser facet quality, dimension of the groove 

between laser and modulator, are important factors that influence the optical mode 

profile and coupling efficiency and should be carefully investigated and optimized. 

Another critical point is to shift the bandgap of EA modulator regions away from 

that of the laser region to reduce the optical loss. However, the bandgap needs to 

be in a specific region enabling a strong absorption via the quantum-confined 

Stark effect (QCSE) [134] when an appropriate transverse bias is applied. The 

details of the bandgap shift will be discussed in Chapter 5.  

• SOI waveguide: In general, the planar Si waveguides have shown lower 

transmission loss than the III-V waveguides for wavelength in the 1.3-1.6 m 

range, detailed comparison can be found in ref [155]. The recorded ultra-low loss 

of < 0.03 dB/cm has been achieved by SOI waveguide recently [156]. The demand 

of low propagation loss and large volume manufacturing via the CMOS foundry, 

drive the use of SOI waveguides in dense integrated optics and optical 

interconnection. However, due to the thick buffer layer underneath the active 

region, the evanescent coupling method from the hybrid integration becomes 

impractical for the heteroepitaxy growth. In this design, the modulated signal is 

coupled into the SOI strip waveguide via the butt-jointed coupling. Selectively 
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dry etching will be implemented first to delineate the regions where the waveguide 

will be subsequently deposited. The low-defect SiOx/Si waveguide will be 

deposited by plasma-enhanced chemical vapour deposition (PECVD) and can be 

etched to a tapered shape for better coupling efficiency [157]. The core Si 

waveguide then can be covered by SiOx or polymer. This SOI waveguide 

development is a broad topic, and it will not be discussed in this thesis. 

To our best knowledge, no practical III-V laser monolithically integrated with EA-

modulator on SOI or Si has yet been reported. To realise this rather complicated device 

on the Si platform, multi-solutions and intensive efforts are required. Thus, the aim of this 

thesis is to make contributions of the active components, towards the realisation of this 

comprehensive low-cost optical transmitters for Si photonics. 

1.5 Objective and of outline thesis  

In a nutshell, the objectives of the thesis are, firstly, the investigation of the noise floor 

and performance of our Si-based lasers acting as on-chip light emitters; secondly, the 

etched laser facet and the groove for a multi-cavity device; thirdly, the bandgap shift for 

the potential laser and EA modulator integration. Based on these topics, the research 

works performed in the present study will be presented in six chapters in this thesis. 

In Chapter 1, a brief introduction to the integrated III–V lasers on Si as on-chip light 

sources for Si photonics is first presented. The challenges and strategies for monolithic 

integration III–V on Si by different research groups have been reviewed. After that, the 

novel material structure of the QD, its basic theory and its advantages as the active region 

of the laser device are introduced. 

An introduction to the facilities and equipment used to establish the material 

characteristics, for device fabrication and for laser device measurements is given in 

Chapter 2. The optimisations of the laser fabrication process are discussed in detail, in 

order to improve the laser performance and meet the requirements of reliable light sources.  

Chapter 3 presents the experimental results of the measurement of RIN and 25.6 Gb/s 

data transmission of our Si-based QD narrow-ridge laser with a fundamental mode lasing. 

The noise floor is as low as −150 dB/Hz in the 4–16 GHz range. The high performance 

and low noise feature of the QD laser on Si prove that our laser could be used as a light 

emitter source for Si photonics.  
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Chapter 4 describes the post-fabrication of QD lasers for different applications by the 

focused ion beam (FIB) technique. The FIB-made laser facet was firstly compared with 

the as-cleaved facet; it showed only slight degradation which did not prevent the etched 

laser facet from being employed in photonic integration. Further angled facet etching by 

FIB is investigated to inhibit the optical feedback into the cavity, resulting in a device 

with amplified spontaneous emission (ASE). This kind of device has the potential to be 

utilised as a broadband light source or semiconductor optical amplifier (SOA) for Si 

photonics. Groove etching by FIB for potential applications of integration of laser and 

EA on Si substrate is also presented.  

Chapter 5 demonstrates the selective area intermixing study of the QD laser on Si. By 

using different dielectric materials as the capping layers, after the rapid thermal annealing 

(RTA) process, the bandgap energy of the wafer can be engineered intentionally up to    

28 meV. This result meets the requirement of the bandgap difference between the laser 

and EA modulator. 

Finally, in Chapter 6, the conclusion and future work towards to the Si-based transmitter 

are presented. The subsequent works, including improving QD modal gain for active 

components, and travelling wave electrode design for high-speed EA modulator are 

discussed respectively. 
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Chapter 2  

Experimental methods 

In this chapter, the detailed experimental methods are introduced in order to provide a 

coherent overview of all techniques utilised in this thesis. Firstly, three techniques for 

material characteristics will be introduced, namely photoluminescence (PL) spectroscopy, 

atomic force microscopy (AFM) and scanning electron microscopy (SEM). In section 

two, the general fabrication procedures for two different laser structures, the broad-area 

laser and narrow-ridge laser will be demonstrated. The optimisations and comparative 

studies for each fabrication step will be discussed afterwards. In section three, the testing 

and characteristics of laser diodes in terms of principal static properties and RIN are 

introduced in detail.  

2.1 Material characteristics   

2.1.1 Photoluminescence spectroscopy 

PL is the process of light re-emission after absorbing a photon with higher energy, and 

can be used to determine the character and quality of III–V QD materials. Figure 2.1 

shows a schematic diagram of the PL process for bulk material. The III–V material has 

absorbed a photon for an excitation source, where the incident photon energy ℎ𝑣𝑒𝑥𝑐 is 
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bigger than the bandgap energy of this material. An electron is, thus, excited from the 

valence band to the conduction band with a high energy state, and a hole is left in the 

valence band. However, the electron and hole are not able to remain in their original states 

for a long time, and instead, they lose their energy rapidly by emitting phonons. As shown 

in Figure 2.1, these cascaded transitions of electrons and holes lead to a fast “relaxation” 

to the GSs. Each step corresponds to a phonon emitting with a specific momentum to 

observe the energy conservation law. This phonon scattering takes place in a very short 

time (~10-13 s), which is much faster than the radiative lifetime of nanosecond time       

(~10-9 s). Therefore, the relaxation of the electron and hole to the GSs only happens after 

the occurrence of the electron–hole or other non-radiative recombination. The radiative 

recombination emits a photon whose emitting energy is equal to the material bandgap [1]. 

 

Figure 2.1 Interband transitions of the PL process [1]. 

According to the principle of PL, PL spectroscopy is classed as a powerful and non-

destructive technique to learn the properties of materials. A simplified experimental 

arrangement of PL spectroscopy is illustrated in Figure 2.2. The sample is mounted on a 

temperature-controllable stage within a cryostat. Liquid helium is used to maintain a low 

temperature of the cryostat, in a range from 10 K to 320 K. A commercial diode-pumped 

solid-state laser of 532 nm wavelength takes the role of excitation source to provide 

continuous and constant lasing light. The incident light from the laser passes through a 

chopper, which “chops” the light with a specific frequency, such as 210 Hz, which is 

aimed to be a reference for a lock-in amplifier. After the chopper, the chopped light is 

focused on the sample and leads to PL. A portion of the PL signals will be collected by a 

lens and dispersed into a selected range of wavelengths by the monochromator. Then, a 
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narrow range of wavelength of light is measured by a sensitive InGaAs detector, which 

is used for a near-infrared range of 1.1–1.35 µm. Finally, the received signal from the 

detector is transmitted back to the lock-in amplifier. The lock-in amplifier is a technique 

which can single out the signal at the specific reference frequency. The noise signals at 

other frequencies are filtered out. Therefore, the noise bandwidth can be significantly 

reduced. In this case, the reference signal is multiplied with the received signal with the 

surrounding noise. A DC output signal proportional to the signal amplitude is then 

obtained after passing a low-pass filter. Hereby, the profile of the light intensity against 

the light wavelength is recorded and plotted by the computer.  

 

Figure 2.2 Simplified schematic diagram of PL experimental setup.  

This plotted PL spectrum can be used to investigate the optical properties of the materials. 

From the PL spectrum, the bandgap energies for each transition state of the QDs can be 

determined. Figure 2.3 displays a typical PL spectrum of the InAs/GaAs QDs, which 

shows the excitonic peak of GS at 1310 nm (946.4 meV) and the first excited state at 1230 

nm (1008 meV). In addition to the emission wavelength, the peak intensity of PL involves 

the impurities or defects contained in the semiconductor materials. As we know, the 

impurities or defects act as non-radiative recombination centres, which degenerate the 

quality of the materials and decrease PL intensity [2]. Moreover, in the detection of QD 

structures, the full width at half maximum (FWHM) of the PL spectrum can also be used 

for examining the homogeneity of the QD structure. A narrower FWHM means the size 

of the QDs is more identical.  
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Figure 2.3 PL spectrum of III–V QD on Si.  

2.1.2 Atomic force microscopy 

In addition to PL spectroscopy, AFM is an efficient and straightforward technique of 

understanding QD topography. AFM uses a kind of scanning probe microscope with high 

resolution. Figure 2.4 (a) shows a schematic diagram of an AFM, which contains a free 

cantilever with a nanoscale-size (20 nm radius is used) and sharp pyramid tip, as shown 

in Figure 2.4 (b). When the tip is in proximity to the sample surface, the force between 

the tip and sample leads a deflection of the cantilever [3]. The AFM scanning images are 

acquired by measuring the vertical and lateral deflection of the cantilever; this 

measurement is performed by reflecting a laser beam from the optical level to a sensitive 

detector (Figure 2.4 (a)). 

     

Figure 2.4 (a) Schematic diagram of the AFM system. (b) A tip of AFM. 

Excitonic peak of 
ground state 

Excitonic peak of 
the first excited 
state 
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There are two modes of imaging mode: contact mode and non-contact mode, also known 

as static mode and dynamic mode. For the contact mode, the tip is “dragged” over the 

surface and traces the shape of the sample by touching the sample. Because the attractive 

force of the contact mode is quite strong and may easily damage either the tip or surface 

of the sample, it is commonly used on a firm and solid surface. In our experiments, AFM 

is normally applied for detecting the topography of QDs which are quite fragile, so the 

non-contact mode is employed. In the non-contact mode, the cantilever oscillates up and 

down with a constant frequency, where the oscillation amplitude is only nanometres or 

picometres [4]. By adjusting the distance between the tip and surface, the frequency and 

amplitude of oscillation can remain constant and combine with the feedback loop system, 

so that topographic images of the sample surface can be constructed. Figure 2.5 shows a 

2-D (a) and 3-D (b) AFM image of an uncapped QD structure. From graph (a), we can 

easily measure the dot size of the QDs as well as the QD density, and graph (b) presents 

the height of the QDs. 

  

Figure 2.5 (a) 2-D and (b) 3-D AFM image of InAs/GaAs QDs on Si substrate. 

2.1.3 Scanning electron microscopy 

In SEM, the microscope uses a focused electron beam to scan the surface of the sample 

to produce images. Although AFM may provide more detailed information on the surface, 

it is only suitable for film surfaces, and it is difficult to observe whole device structures. 

SEM is able to achieve the depth of field for stereo images as shown in Figure 2.6, which 

illustrates a part of a laser structure device (p-content) with a mirror-like as-cleaved facet, 

where we can readily measure the dimensions of the laser stripe. Apart from that, SEM 

can also be used for distinguishing and measuring the thickness of each epitaxial layer 

with different compositions, as shown in Figure 2.7. It is a crucial step before device 

fabrication to minimise manufacturing errors, especially in the etching process.  
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Figure 2.6 SEM image of the p-contact of a laser device with the as-cleaved facet. 

 

Figure 2.7 SEM image of epitaxially grown layers of a laser structure sample before 

fabrication. 

A schematic diagram of the SEM is shown in Figure 2.8, where the primary electrons 

were created from the electron source and accelerated down by passing a combination of 

condenser lens and apertures to the scanner in a raster pattern of the sample surface. The 

sample is mounted on a rotating stage, which allows observation of the specimens from 

different angles. There are various signals, including secondary electrons (SEs), back-

scattered electrons (BSEs) and X-rays, generated and emitted out from samples. The 

emitted signals from the sample have different energy levels and thus have selective 

energy detectors. The SEs are generated from the inelastic collisions between the primary 

electrons and sample, and have lower energy than the BSEs or X-rays. Since the SEs can 

only be emitted near the surface, the mean escape depth (~ 1 nm from metal) is much 

shorter than other signals. Normally it is assumed that the escape probability for SEs 

produced decreases with the increased mean escape depth [5]. Therefore, the higher SEs 
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yield leads to a better resolution with more detailed surface information [6][7]. In general, 

the SE yield depends on the work function of the materials, which defines the energy 

level that the electron can overcome from the Fermi level to the vacuum level to escape 

from the sample surface. The work function is determined by the material composition 

and the atomic packing at the surface. Therefore, the elemental compositions of the 

sample can be obtained from the SEM image.  

 

Figure 2.8 Schematic diagram of the working principle of the SEM system.  

Besides SEM, another microscope, known as the transmission electron microscope 

(TEM), also uses electron beams to form an image with much higher resolution on an 

atomic scale. The main difference between TEM and SEM is that TEM is based on the 

transmitted electrons rather than the scattering electrons as in SEM. TEM can provide 

more details from inside the materials, such as crystallisation, lattice stress and 

dislocations. Although we use TEM to learn the QD morphology, dislocations and surface 

boundaries of epitaxial wafers, these works are usually done by our cooperating 

organisations or universities due to the complicated sample preparation and TEM 

machine operation.  
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2.2 Device fabrication 

2.2.1 General laser fabrication process 

After obtaining the material characteristics, the grown wafers are ready for device 

fabrication. Figure 2.9 displays the full laser fabrication flow chart. The wafer cleaning 

process is the first step, and is critical for the semiconductor fabrication work since 

contaminants on the wafer surface can lead to device failure and low yield. In our works, 

the sample cleaning is done by dipping the wafer into acetone and isopropyl alcohol (IPA) 

and performing ultrasonic vibration cleaning for 5 minutes, respectively. The use of 

acetone combined with the ultrasonic cleaning can effectively remove the organic and 

ionic particles on the sample surface. The purpose of the IPA washing after the use of 

acetone is to remove any acetone traces from the sample surface. Finally, the wafer is 

blown dry by a nitrogen gun. The sample surface is then inspected under a microscope to 

ensure there are less than four particles per field of view at 50 x magnification; if not, the 

sample cleaning step is repeated until there are no obvious stains.  

 

Figure 2.9 Flow chart of the laser fabrication process. 

After the wafer preparation, the sample is placed on a hotplate with a temperature of 120–

140 C for several minutes for dehydration. Then, the photoresist can be deposited on the 

clean and dry sample surface. There are several different methods for the photoresist 

coating; the spin-coating method is one of the simplest and fastest, and this method is 

widely used in research labs. The photoresist thickness can be varied in a range by the 

spinning speed. After soft-baking the deposited photoresist, the sample is ready for 

photolithography by the patterning process. The sample is then etched by wet/dry etching 
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techniques to define a mesa as a laser cavity ridge. The passivation and planarisation steps 

are optional, depending on the device structure. After that, p-type and n-type electrodes 

are deposited by thermal evaporator or sputter. The substrate of the laser device is lapped 

to 120 µm for better heat dissipation and precise cleaving. Hence, the sample is cleaved 

into several laser bars with desired cavity lengths. In order to achieve better temperature 

characteristics, the laser bars are mounted on heatsinks (copper plates) by indium solder 

paste, and the p-contact and n-contact are bonded with bond pads by gold wire to enhance 

the heat dissipation of the laser diodes. The fabrication progress of the laser device is thus 

complete. 

 

Figure 2.10 Cross-section diagrams of two bottom-up III–V FP laser structures: broad-

area laser and gain-guided narrow-ridge laser. 

Figure 2.10 shows two different Si-based III–V Fabry-Perot (FP) lasers with bottom-up 

structure: a broad-area laser and a narrow-ridge waveguide laser. Both lasers have the 

same epitaxy layers, grown by MBE. After the well-developed III-V buffer grown on Si 

substrate (discussed in section 1.2), a highly doped n-GaAs contact layer with                      

1 1018 cm-3 is deposited. The QD active region is sandwiched by n-type Al0.4Ga0.6As and 

p-type Al0.4Ga0.6As cladding layer with ~1017 cm-3. Finally, the highly doped p-type GaAs 

with 11019 cm-3 doping level finish the laser epi-layers. The broad-area laser has a 

broader laser ridge which is normally greater than 25 m and the top electrode is 

deposited on the ridge directly without passivation and planarisation. The fabrication 

process of the broad-area laser is relatively simpler than the narrow laser structures, and 

it requires four steps of photolithography. The four-step process flow is including:  

Active region

Electrode

SiO2 passivation

Planarization polyimide

Si

N-type cladding layer

P-type cladding layer

25 - 50 µm

Broad-area laser

P-type

N-type

Si

Polyimide (>1um)

2 - 5 µm

Narrow-ridge laser

P-type

N-type

Highly doped GaAs contact layer

III-V buffer III-V buffer

Al0.4Ga0.6As cladding layer
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1. P-type etching: The broad laser ridge is defined by wet etching. The etching depth 

is 200 nm above the active region for the effective carrier confinement as well as 

leaving active region undisturbed. 

2. P-type metallisation: The patterns for metallisation have been transferred on the 

photoresist. The p-type electrode is deposited on the p-type GaAs contact layer 

by sputter and followed by a lift-off process. 

3. N-type etching: The device is then etched to the n-type contact layer by wet 

etching. 

4. N-type metallisation: The n-type electrode is deposited by thermal/e-beam 

evaporator and annealed by a rapid thermal process for better ohmic contact. 

The details and recipes of each fabrication flow are discussed in the following sections. 

Due to the wider laser cavity width (≫ 𝜆), the broad-area FP laser contains a lot of 

longitudinal and transverse lasing modes, which is unpractical for light emitter sources in 

data communication systems. Thus, the narrow-ridge laser with single transverse mode 

lasing has also been investigated in this thesis. 

The cross-section of the gain-guided ridge laser structures is shown in Figure 2.10. The 

narrow-ridge mesa is defined by the shallow etch, and the remaining active region is 

undisturbed so that the etching profile only partly penetrates into the top cladding layer. 

In this thesis, the mesa ridge is 2–5 m in width and has been etched 200 nm above the 

active region. The p-type mesa is isolated by the dielectric material of SiO2 as the 

passivation layer. The planarisation polyimide is then deposited around the ridge after the 

open-windowed passivation layer. The thickness of the polyimide should be larger than 

1 m to minimise the parasitic capacitance. After that, the p-type metal is deposited by 

the sputtering or e-beam evaporation. For the n-type region, the same fabrication process 

as used for the broad-area laser device is implemented.   
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2.2.2 Photolithography and electron beam lithography 

 

Figure 2.11 A standard photolithography process of positive and negative photoresist by 

photo-mask. 

Photolithography is the first and most essential step in the device fabrication since the 

quality of the photolithograph has a strong impact on the final performance of the laser 

devices. The wafer sample with the deposited photoresist is selectively exposed to UV 

light via a photo-mask, leaving the lateral image that can be selectively dissolved to 

transfer the pattern onto the underlying surface. In general, there are two kinds of 

photoresists: positive and negative photoresists, which display totally different chemical 

properties when exposed to UV light. As shown in Figure 2.11, the area exposed to UV 

light becomes more soluble in the developer for a positive photoresist. In contrast, the 

negative photoresist becomes cross-linked/polymerised when it is exposed to the light. 

The unexposed area of the negative photoresist will be removed in the developer. Both 

positive and negative photoresists work well in the semiconductor fabrication process, 

and the choice depends on the relevant applications. In general, the positive resist has the 

advantages of a larger depth of focus [8] and higher resolution [9] than the negative resist. 

Because of the larger depth of focus, the thickness of positive resist can be thicker than 

the negative resist, thus, resulting in a higher aspect ratio and fewer pinholes of positive 

resist. Nevertheless, the negative photoresist shows the strengths of stronger adhesion, 
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excellent etching resistance and less cost compared with positive resist [10]. More 

importantly, the choice of photoresist is also depended on the geometries of printed 

patterns [11]. The comparison between the positive and negative photoresist is 

summarised in Table 2.1. In this thesis, most of the process steps use positive photoresists, 

with the exception of the negative resist hydrogen silsesquioxane (HSQ) used in electron 

beam lithography (EBL), which will be discussed later. 

Table 2.1 Comparison of positive and negative photoresist 

Parameters Positive photoresist Negative photoresist 

Resolution Higher  

Depth of focus Larger  

Thickness Thicker  

Pinholes Less  

Contrast Better  

Adhesion  Better 

Etching resistance  Better 

Exposure speed  Faster 

Cost  Lower 

Photoresist exposure parameters are often described in terms of specific emission lines 

from a mercury lamp. The most common lines are referenced to the G-line at 436 nm, H-

line at 405 nm and I-line at 365 nm. Because the absorption coefficient of the photoresist 

is significantly varied at different exposure wavelengths, different exposure doses may 

be required depending on the wavelength being employed [12]. The smallest linewidth 

resolution is decided by both the resolving capability of the photoresist and the UV 

exposed line. Although pattern features with sub-micrometre linewidth can be 

theoretically obtained by the standard research mask aligner (Suss MA3/MB6), the 

achievable resolution is also dependent on the wafer size, wafer flatness, cleanroom 

conditions, etc.; therefore, it varies significantly for different processes [13]. Among the 

varied impact factors of the photolithography quality, the edge-bead effect is one of the 

reasons causing the inferior pattern feature and is frequently ignored. As illustrated in 

Figure 2.12 (a), the photoresist may build up at the wafer edges during the spin-coating 

and soft-baking process, which is an aggravating issue for small wafer samples or 

photoresists with high viscosity. This edge bead will lead to a gap of several micrometres 
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between the photo-mask and sample surface and make proper exposure during contact 

lithography difficult. One can pre-expose the beaded-up area and remove it before 

proceeding with the patterning lithography, as shown in Figure 2.12 (b).  

 

 

Figure 2.12 Cross-section of wafer sample (a) with edge bead and (b) without edge bead 

in contact mode photolithography. (c) Photolithography features of the designed pattern. 

Microscope images of the print pattern (d) with edge bead and (e) without edge bead 

after developing. 

Figure 2.12 (c–e) compare the designed photo-mask pattern and photolithography results 

with and without edge bead under the same exposure dose and developing time. It can be 

seen that the minimum linewidth under the edge bead condition is ~3 µm, while ~1 µm 

linewidth is achievable after removing the edge bead. Although the 1 µm linewidth 

pattern can be achieved by the photolithography technique, corrugated features can still 

be found on the sidewall of the photoresist, as shown in Figure 2.13. It can be explained 

by the uneven sample surface by the small wafers. For narrow-ridge laser etching, these 

unsmooth features are transferred from the hard mask to the III–V ridge mesa, which is 

undesirable and will cause severe light scattering/loss in such a narrow laser cavity           

(≤ 5µm). Thus, it is recommended to employ EBL if the sample size is small and severe 

edge bead problem has happened in the research lab.  
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Figure 2.13 SEM image of the sidewall of a positive photoresist (S1813).  

Compared with standard photolithography, the reason for the nanoscale features 

achievable by EBL is the utilisation of a focused electron beam with much shorter 

wavelength instead of the light. A typical EBL system is similar to an SEM system, 

whereas EBL only scans onto the sample region according to the designed pattern. Thus, 

the selective sample surface that is coated by the electron-sensitive resist can be dissolved 

or cross-linked in the developer. There are many processing parameters and conditions of 

the EBL that will affect the lithography quality, which requires long-term optimisation 

and working experience. Thus, in the current works, the EBL operation is carried out by 

an experienced engineer, and only the effect of the different exposure doses on HSQ is 

discussed. The exposure dose is defined as the total amount of electrons that have been 

deposited per unit area, µC/cm2. 

 

Figure 2.14 Microscope images of developed HSQ resist with exposure base dose of (a) 

300, (b) 400, (c) 500, (d) 600 and (e) 700 µC/cm2. 
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A negative electron resist HQS with 6% concentration is used in the EBL study. The 

maximum thickness is ~190 nm under 1000 rpm spin speed. After 4 mins soft-baking on 

a hotplate at 80 ℃, the sample should be exposed to EBL as quickly as possible. Many 

works have found that the time delay between soft-baking and exposure will affect the 

quality of the HSQ pattern features [14][15]. The EBL equipment used is Raith 150-TWO 

[16] with a beam energy of 30 kV and beam current of 1 nA. Figure 2.14 demonstrates 

the HSQ patterns after development for 2 mins in MF319 with all other processing 

conditions the same except for the exposure dose. It can be seen that the exposure dose 

not only depends on the thickness of the resist but also on the size of the pattern. When 

the exposure dose is 300 µC/cm2, the insufficient energy leads to very thin and damaged 

patterns. As the exposure dose increases to 400 µC/cm2, clean and distinguished features 

can be observed for the larger patterns (>50 µm), but it is still under-exposed for small 

patterns, especially for the 3 µm ridge waveguide. A good pattern result is achieved when 

the base dose is 600 µC/cm2; however, the large patterns are over-exposed due to the 

proximity effects by the scattered electrons. Due to this situation, different exposure doses 

should be applied for different pattern features by separating them into different pattern 

layers in the EBL system. Figure 2.15 shows the SEM images of the 3 µm laser ridge 

patterned by HSQ with a 600 µC/cm2 base dose. A smoother and more uniform sidewall 

has been achieved compared with the resist pattern produced by the photolithograph in 

Figure 2.13. 

 

Figure 2.15 SEM images of the small features of HSQ resist by EBL with 600 µC/cm2 

base dose. 

After the photoresist development for both conventional photolithography and EBL, a 

final clean-up of residual organics from the developed sample surface is necessary to 
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avoid the unwanted particles acting as micro-mask for the following fabrication processes. 

It can be done by a very-low-energy oxygen plasma etching. 

2.2.3 Wet and dry etching 

After photolithography, the laser mesa is defined by the wet or dry etching process. In 

this section, the mechanisms and investigation of wet and dry etching techniques of       

III–V materials are discussed. Both of the etching processes have advantages and 

disadvantages; the key issues to be considered in selecting a particular etching process 

for any application are the etching rate, selectivity, feature profile, uniformity, surface 

damage and reproducibility. Compared with dry etching which requires expensive 

facilities, wet etching is much simpler to implement. Moreover, the most favourable 

characteristics of wet etching are the extremely high selectivity of photo-mask and III–V 

material, and its ability to cause virtually no surface electronic damage [12].  

Wet etching (using liquid-based etchants) removes materials by immersing the wafer into 

a chemical solution that reacts with the selective wafer area and forms soluble by-products. 

Most wet etchants consist of an oxidising agent, an agent for dissolving the oxides and a 

dilute solvent, such as water. The underlying chemical mechanism of general GaAs wet 

etching is the oxidation of the surface to form Ga and As oxides by the oxidising agent 

(e.g. H2O2 and HNO3); the oxides are then dissolved in acids or bases (e.g. H2SO4, HCl, 

HF and H3PO4) [17]. The wet etching process for GaAs and related compounds has been 

developed over a long period and is already a mature and stable technique. A lot of 

standard wet etching recipes have been developed for different etching rate requirements. 

In our lab, the etchant mixture of H2SO4: H2O2: H2O (1: 10: 80) is utilised with an etching 

rate of ~900 nm/min. Based on this wet etching recipe, a flat step and smooth etched 

surface can be obtained. For the broad-area laser fabrication in this thesis, the wet etching 

process is employed for both p-type and n-type etching. Also, because of the very high 

selectivity between the III–V materials and photoresist mask in the wet etching process, 

the hard mask process can be omitted to simplify the fabrication flow. 

However, an isotropic etching profile has occurred when the GaAs is etched by the wet 

etching, as illustrated in Figure 2.16 (a). The etching profile of GaAs depends on 

crystallographic orientation, the H2SO4: H2O2: H2O etchant is influenced by Ga {111} 

slow-etch planes, which reduce the etching rate in the direction normal to these planes 

and cause undercut [18][19]. Figure 2.16 (c) and (d) show the InAs/GaAs QD device 
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profiles in broad-area and narrow-ridge laser fabrication by wet etching, in which the 

whole narrow ridge is lifted off by the severe undercut in (d). Fortunately, the anisotropic 

etching profiles of GaAs can be achieved by dry etching, where the etching rate in the 

vertical direction is much faster than that in the lateral direction, as shown in Figure 2.16 

(b) and (e).  

 

Figure 2.16 (a) Isotropic and (b) anisotropic profiles. SEM images of etch profiles: (c) 

broad ridge by wet etching, (d) narrow ridge by wet etching and (e) narrow ridge by dry 

etching. 

Dry etching utilises an accelerated plasma instead of liquid etchants to remove the 

materials. Thus, it is more precise, controllable and highly anisotropic compared to wet 

etching. The mechanism of wet and dry etching is shown in Figure 2.17. Unlike the wet 

etching with the chemical reaction only, chemical and physical reactions have occurred 

simultaneously in the dry etching process. Due to the applied electric field, the inducted 

ions are travelling highly directionally, which enable the fine patterns with anisotropic 

profiles. 

 

Figure 2.17 Working mechanism of wet and dry etching. 
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There are two kinds of high-vacuum equipment used in the dry etching process: the 

reactive ion etcher (RIE) and inductively coupled plasma (ICP), as demonstrated in Figure 

2.18. For RIE, the ionised gas (plasma), consisting of electrons, positive ions and radicals, 

is generated and accelerated by two plane-parallel electrodes with an applied RF power 

of 13.56 MHz frequency. Since the electrons are more mobile compared to positive ions 

due to their small mass, they are able to follow the varied electrical field and collide more 

frequently with the chamber and electrodes. Because a blocking capacitor is connected 

with the lower electrode, it is gradually biased to a negative potential. This self-biased 

DC electric field is referred to as Vdc, which depends on the RF power. In the RIE chamber, 

there is a region called the “ion sheath”, that is filled with ions and a very low density of 

electrons near the lower electrode, as shown in Figure 2.18 (a). Thus, the positive ions in 

the ion sheath can be accelerated by the negative DC bias and strike the target material in 

a straight direction, producing an anisotropic profile. In our works, RIE is generally used 

to etch hard mask and dielectric material, such as SiO2 and SiNx. The etching gases are 

normally fluorine-based gases, such as CHF3, SF6 and CF4. They are ionised into 

electrons and F+ ions and reacted as  

                    12F + Si3N4 → 3SiF3 + 2N2 

                     4F + SiO2 → SiF4 + O2 

In addition, the inert gases, N2 and Ar, assist with the reactive gases to increase the 

physical bombardment, resulting in a smoother surface due to the increased sputtering 

contribution. 

 

 

Figure 2.18 Simplified schematic diagram of the working principle of (a) RIE and (b) 

ICP. 
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For ICP, the high density of plasma is generated by the electromagnetic induction coil at 

13.56 MHz RF power and accelerated by a plane bias (Figure 2.18 (b)). In other words, 

the plasma density and bombardment energy of ICP are controlled independently, which 

provide a greater tunability compared with RIE. There is also an important concept called 

the mean free path (λ) of the ions in examining the strengths and weaknesses of ICP and 

RIE. The mean free path describes the average distance that an ion can travel without a 

collision. A higher chamber pressure will cause a shorter mean free path because more 

collisions will happen when more molecules exist. Moreover, the thickness of the ion 

sheath is an important factor for evaluating the scattering of ions. Due to the fact that a 

higher density of plasma can be generated by ICP, the ion sheath thickness of ICP is 

smaller than RIE [17]. As illustrated in Figure 2.19, when the mean free path is larger 

than the ion sheath thickness, ions go through almost no scattering upon their arrival at 

the sample surface. These highly directional ions mean that ICP is more suitable for 

anisotropic etching [12][17]. The reactive gases for GaAs and relative compound etching 

are normally chlorine-based gases, such as Cl2, SiCl4 and BCl3, which can react with 

GaAs rapidly and produce GaClx and AsClx by-products. The inert gases N2 and Ar can 

assist in increasing the sputtering.  

 

Figure 2.19 Ion scattering in ICP and RIE with different ion sheath [17]. 

Although the GaAs dry etching technique by ICP has been widely studied for a long 

period [12][17], different ICP equipment and different pattern features have often led to 

totally disparate etching results, even with an identical etching recipe. Therefore, the 

choice of process parameters for the particular etch process requires many additional 

experiments to figure out an optimal recipe. There are several basic process parameters 

of ICP that will affect the etching performance: 
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• ICP power: this denotes the RF power of the electromagnetic induction coil; the 

larger the ICP power, the higher the plasma density generated. The increased ion 

density means the etch rates are considerably higher due to the stronger chemical 

reaction, and it also helps to achieve a higher selectivity for deep etching. 

Although the higher plasma density can decrease the ion sheath thickness, as 

mentioned above, redundant ions will also cause ion scattering, thus resulting in 

a poor anisotropic profile. 

• RF plane bias power: this denotes the plane bias of the up and down electrodes 

for the ion accelerations in the vertical direction. By increasing the bias power, 

the accelerated ions obtain larger bombardment energy to increase the anisotropic 

etching effects. However, a too large bias power will damage the sample surface 

and consume the hard mask excessively (mask selectivity is reduced).  

• Chamber temperature: a higher chamber temperature means more collisions 

between ions, thus leading to isotropic etching. Nevertheless, a proper 

temperature could help the volatilisation of the by-products to reduce re-

deposition. 

• Chamber pressure: this is the indicator of the particle density of the reaction 

chamber. As described above, a high chamber pressure will reduce the mean free 

path of ions, giving rise to isotropic etching, but also increase the etching rate. 

Although the etching depth is only required to be ~1.7 µm (above the InAs/GaAs QD 

region) for this thesis, an optimised recipe is developed for both gain-guided and index-

guided (deep etching to n-type region) lasers for our future work. Therefore, the etching 

effects of the recipes for the active region will also be considered. In the following works, 

the etching recipe is optimised in considering of cleanness of sample surface, damage and 

smoothness of etched surface and effect of etching time. 

• Cleanness of sample surface 

In this work, the etch gas chosen is a mixture of Cl2, BCl3 and N2. In this gas mixture, Cl2 

is the primary etching gas, and BCl3 is normally used to remove the native oxide and 

reduce residue formation [20]. The purpose of N2 is to balance the chemical and physical 

reactions [21], and also reduce the roughness of the etched surface by increasing the 

physical bombardments, thus, sputtering contribution [22].  
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Table 2.2 InAs/GaAs QD etching recipes with different gas flow rates. 

No. 

Chamber 
temperatu

re (℃) 

Pressure 

(mT) 

Cl2 

(sccm) 

BCl3 

(sccm) 

N2 

(sccm) 

Bias 
power 

(W) 

ICP 
power 

(W) 

Selecti

vity 

(GaAs/

SiO2） 

Rate 

(µm/min) 
Comment 

1.1 50 3 16 8 10 90 350 19.2 1.55 

Very 

strong re-
deposition 

1.2 50 3 6 12 10 90 350 14.8 1.51 
Strong re-

deposition 

1.3 50 3 10 20 5 90 350 14 1.73 

Medium 
re-

deposition 

1.4 50 3 12 28 3 90 350 8 1.6 
Clean 

surface 

 

Figure 2.20 Microscope images of the etched sample with different flow gas ratios for 

sample (a) No. 1.1, (b) No. 1.2, (c) No. 1.3 and (d) No. 1.4. SEM images of the etched 

samples of (e) No. 1.2, (f) No. 1.3 and (g) No. 1.4. 

Table 2.2 demonstrates the GaAs etching recipes with different flow rate ratios of the etch 

gases, and the microscope and SEM images of etched samples by each recipe are shown 

in Figure 2.20. When the ratio of Cl2/BCl3 is 2, and the ratio of Cl2+BCl3/N2 is 12/5, a 

very dirty surface was obtained due to the very strong re-deposition, as shown in Figure 

2.20 (a). Because the highest chamber temperature of the utilised ICP equipment can only 
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be set to 50 ℃, the re-deposition issue can only be solved by changing other parameters. 

As the Cl2/BCl3 ratio decreases to 0.5, the cleanness of the etched sample is slightly 

improved, but the contamination is still severe on the surface (Figure 2.20 (b) and (e)). 

Figure 2.20 (c) and (f) show the etched surface of sample 1.3; the Cl2/BCl3 ratio is kept 

at 0.5, but the ratio of Cl2+BCl3/N2 is increased to 6/1, and the re-deposition phenomenon 

is controlled effectively. For sample 1.4, the clean surface is shown in Figure 2.20 (d) and 

(g) was achieved by the 3/7 Cl2/BCl3 ratio and the reduction of N2 gas flow to 3 sccm. 

This demonstrates that a higher ratio of chemical reaction, which produces more 

volatilisable by-products, will improve the sample cleanness significantly.  

• Damage and smoothness of the etched surface  

However, due to the larger gas flow in sample 1.4, the mask selectivity becomes smaller 

compared with other recipes. Moreover, the sidewall of the etched surface is not desirable 

due to the reduced assistance of the N2 gas. Table 2.3 shows the etching recipes based on 

the gas flow rate of sample 1.4 with different ICP and bias powers. The SEM images of 

the etched surfaces for each recipe are demonstrated in Figure 2.21. Samples 2.1, 2.2 and 

2.3 compare the effect of the bias power on the sidewall of the etched samples. As we can 

see from Figure 2.21 (a), the high bias power of 150 W causes a severely damaged surface 

and corrugated features on the sidewall. This recipe has a very fast etch rate, and the SiO2 

hard mask is depleted after 3 minutes of etching. When the bias power is reduced to 90 

W in sample 2.2, the smoothness of the etched surface is improved, but a poor surface 

morphology remains on the top region of the ridge, as shown in Figure 2.21 (b). An 

interesting phenomenon occurred when the bias power was decreased to 60 W, the rough 

surface in the InAs/GaAs QD region has appeared, as shown in Figure 2.21 (c). This 

phenomenon can be explained by the weaker control of ions in the vertical direction, and 

the strong chemical reactions occurring in the In-rich region. We tried different gas flow 

rates, but the rough morphology was always found in the active region with 60 W bias 

power. In sample 2.4, the bias power is set back to 90 W while the ICP power is reduced 

to 300 W; a smooth morphology in the QD region is obtained (Figure 2.21 (d)), but a 

damaged surface still appeared in the top region. Comparing samples 2.2 and 2.4, the 

lower ICP power causes a reduced plasma density, resulting in a better sidewall and a 

reduced degree of damage. Figure 2.21 (e) displays the etched sample 2.5, where there is 

almost no damage in the top region, but the rough morphology in the active region is 
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observed again when the bias power is 75 W. The corrosion in the QD region becomes 

weaker as the ICP power decreases from 350 W to 300 W. From this study, we see there 

is a trade-off between bias and ICP power in order to achieve a smooth and undamaged 

etched surface.  

Table 2.3 InAs/GaAs QD etching recipe for bias and ICP power optimisation. 

No. 

Chamber 

temperature 

(℃) 

Pressure 

(mT) 

Cl2 

(sccm) 

BCl3 

(sccm) 

N2 

(sccm) 

Bias 

power 

(W) 

ICP 

power 

(W) 

Selectivity 

(GaAs/SiO2） 
Rate 

(µm/min) 

2.1 50 3 12 28 5 150 350 N/A >1.8 

2.2 50 3 12 28 3 90 350 8 1.6 

2.3 50 3 12 28 3 60 350 17 1.5 

2.4 50 3 12 28 3 90 300 16.3 1.484 

2.5 50 3 12 28 3 75 300 13.1 1.35 

 

 

Figure 2.21 SEM images of the etched sidewall with different bias and ICP powers 

according to Table 2.2.  
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• Effect of etching time 

Besides the ICP power and bias power, it has been found that the dry etching time is also 

an important parameter which will cause the sidewall damage on the top region of the 

mesa ridge. When the hard mask experiences a long-time etch, the top corner is easily 

exhausted by the physical bombardment, as displayed in Figure 2.22 (a). Therefore, the 

round mask corner cannot protect the underlying GaAs layer very well, resulting in 

sidewall damage of the mesa ridge. Figure 2.22 (b) and (c) compare the etch results by 

using an identical recipe but with different etching times, and the SiO2 hard mask is 300 

nm in thickness. A smooth etched surface without obvious surface damage is achieved 

with 1 min 18 s etching time, which gives an etching depth of ~1.6 µm. As the etch time 

increases to 3 mins for 3 µm deep etching, although the ~100 nm hard mask is left on top, 

the sidewall of the ridge is damaged by the round top corner. This issue can be solved by 

increasing the thickness of the SiO2 hard mask or using SiNx material with higher 

hardness.  

 

Figure 2.22 (a) Schematic diagrams of the cornered mask edge when the mask thickness 

becomes small [23]. SEM images of the etched sidewall with (b) shallow etch of 1.6 µm 

depth and (c) deep etch with 3 µm depth.  
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After the dry etching process, chemical cleaning should be implemented to smooth the 

etched surface further, even for clean etch surfaces. The common chemical solvent used 

is a mixture of citric acid: H2O2 at 20:1. Figure 2.23 shows the SEM images of an etched 

sample with strong contamination before and after the chemical cleaning. As we can see, 

the re-deposition by-products can be removed partially, but more importantly, the 

sidewall of the etched mesa becomes smoother after this chemical treatment. 

 

Figure 2.23 SEM images of etched sample (a) before and (b) after chemical cleaning by 

citric. 

As a result, the optimal etching recipe is shown in Table 2.4, which achieved a good 

anisotropic profile (Figure 2.24 (a)), a smooth and undamaged sidewall (Figure 2.24 (b)) 

and a very clean etched surface after the chemical treatment (Figure 2.24 (c)). 

Table 2.4 Optimal recipe for InAs/GaAs QD etching. 

Chamber 

temperature 

(℃) 

Pressure 

(mT) 

Cl2 

(sccm) 

BCl3 

(sccm) 

N2 

(sccm) 

Bias 

power 

(W) 

ICP 

power 

(W) 

Selectivity 

(GaAs/SiO2） 
Rate 

(µm/min) 

50 3 12 28 3 90 280 17.2 1.4 

 

 

Figure 2.24 SEM images of a narrow-ridge etching by ICP dry etching with an optimal 

recipe at different magnifications. 
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2.2.4 Passivation and planarisation 

After the mesa etch process, the passivation layer and polyimide for the planarisation are 

necessary for the narrow-ridge laser to maximise the contact area of the electrodes. 

Dielectric materials, such as SiO2 and SiNx, are normally chosen to prevent the oxidation 

of AlxGa1-xAs and electrical insulation of electrodes. As shown in Figure 2.25, 200 nm 

SiO2 is deposited on the etched mesa as the passivation layer by PECVD, and the selective 

area is etched away to expose the contact layer of III–V for metal interconnection. Figure 

2.25 (c) shows an SEM image of the top view of the laser ridge after this “open window” 

process. 

 

 

Figure 2.25 (a) Schematic diagrams of passivation planarisation process. (b) SEM image 

of a top view of the laser ridge after open window process. 

Planarisation is a crucial step for the following metallisation; it increases the flatness of 

the sample surface to avoid the occurrence of discrete metal. Figure 2.26 demonstrates 

the etched mesa deposition by the p-type metal without any planarisation material, where 

the failure of the electrode metallisation was caused by the large step height of the ridge. 

A good planarisation should meet the requirement that the sidewalls of the ridges are 

always sealed, and the top surface is levelled by the surrounding planarisation materials. 

Currently, the planarisation process for III–V devices is generally accomplished by the 

use of polymer-based material, such as HSQ and benzocyclobutene (BCB), which can be 

spun on the wafer. The thickness of the spun-on polymer can be controlled by the spinning 

speed and should be thicker than the step height of the ridge mesa.  
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Figure 2.26 SEM images of the discontinued metal on etched mesa without planarisation 

in (a) cross-section front view and (b) side view of the ridge. 

After the spin-coating process, the polymer is firstly baked on a hotplate to remove 

solvent and stabilise the polymer film. Then, thermal curing is performed to achieve the 

final properties on the wafers. Different polymer materials have different curing 

temperatures. Figure 2.27 (a)–(c) show the BCB film after thermal curing by a furnace 

with inert nitrogen gas at 250 ℃ for 2 hours. As shown in Figure 2.27 (d), the 

planarisation is finished by etch-back of polymer to the device top to expose the top 

surface. For BCB, the mixture of oxygen and a fluorine-containing gas (CF4 and SF6) has 

been found to produce a controllable etch rate by RIE [24]. In this work, the plasma etch 

gases of SF6:O2 (1:5) with ~500 nm/min etch rate are utilised. It should be noted that 

because of the high viscosity of the polymer for planarisation and relatively small wafer 

sample, the height of all-polymer films on the sample features may vary on the same 

wafer, which makes it impossible to land the mesa top surfaces at the same time during 

the etch-back process. A sufficient etch time is required to ensure a clear polymer on the 

top of all the mesas. Thus, the passivation layer of SiO2 is necessary to prevent the leakage 

current where the polymer is over-etched.  



 

 101 

 

Figure 2.27 (a)-(b) SEM images of the cross-section of the p-type laser ridge covered by 

BCB with different magnifications. (d) Schematic diagrams of planarisation process. 

2.2.5 Metallisation 

For high-performance semiconductor laser devices, forming good anode and cathode 

electrodes by the metal/semiconductor ohmic contact with an ultra-low resistance is one 

of the key elements. In principle, most metal/semiconductor interfaces have barriers 

which affect the carrier mobility. Thus the ohmic contact should be designed so that these 

barriers are low enough that the carriers can cross the interface by thermionic emission, 

or narrow enough that the carriers can tunnel across the interface by field emission [12]. 

For thermionic emission, the work function of metal should be low for an n-type 

semiconductor and high for a p-type semiconductor to obtain a low barrier height. 

However, this requirement of the metal work function limits the metal options. In 

practical works, a thin layer of very heavily doped semiconductor causing a very narrow 

depletion region with the metal contact is most often used to increase the carrier 

tunnelling probability by field emission. In our works, n-type and p-type GaAs contact 

layers with a high doping level of 1018 cm-3 are grown by MBE in order to achieve low 

contact resistances. 

For the p-type electrode, a Ti/Pt/Au (20 nm/50 nm/400 nm) layer was deposited by the 

sputtering system without a rapid thermal process (RTP) as a non-alloyed ohmic contact. 

The Ti/Pt/Au layer on p-GaAs has a low barrier height; thus, carriers can move across the 

junction easily. One concern with this layer is the potential for a greater reaction between 

Au and Ga with an excess tendency to spike during the process. A Ti layer has been 

Etch back

III-V III-V(d)

(a) (b) (c)



 

 102 

recommended as the first deposition layer to prevent the diffusion of Au [12]; more 

importantly, it can increase the adhesive ability between GaAs and succeeding metals 

significantly. The existence of a Pt layer underneath the gold top layer also acts as a 

barrier layer to avoid Au diffusion into the GaAs layer during the subsequent thermal 

processing in n-type metallisation. It has been shown that the Ti/Pt/Au has much better 

long-term thermal stability compared with a Ti/Au ohmic contact [25] owing to the less 

reactive property of Pt. A 400 nm thick Au layer is deposited finally to provide an ultra-

low resistance with no oxide formation, resulting in good bonding and high reliability 

[26]. The measured contact resistance for the p-type electrode is around 5.8 × 10-5 Ωcm2. 

An alloyed (diffusion) ohmic contact of Ni/GeAu/Ni/Au (10 nm/100 nm/30 nm/200 nm) 

is utilised with a 380 ℃ thermal annealing for the n-GaAs electrode. The first layer of Ni 

can react with GaAs at low temperature to form binary or ternary compounds (NixGaAs), 

which results in a good adhesive ability [27]. The alloy of 88–12 Au–Ge (wt%) with a 

361 ℃ eutectic point is then deposited, where the Ge acts as a dopant into the GaAs region 

near the metal interface when the annealing temperature is higher than the eutectic point 

of GeAu [28]. This Ge-doped GaAs region forms a small heterostructure barrier, which 

leads to very good electrical properties [27]. The third layer of Ni plays the role of a 

barrier layer to avoid GaAu formation, which will cause an undesired “balling-up” 

morphology during the RTP. A final layer of thick Au is deposited for better probe contact 

and wire bonding. This metal system for an n-type electrode achieved a contact resistance 

of 4 × 10-6 Ωcm2. 

 

Figure 2.28 (a) Schematic diagrams of how the bi-layer photoresist works for the metal 

lift-off. (b) Microscope image of bi-layer re-entrant sidewall profile of LOR 10B and 

S1818 after development. (c) Microscope image of a laser device after p-type 

metallisation. 
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In this work, the metallisation process firstly involves patterning the sample and then 

forming a contact pattern by a lift-off process. A conventional bi-layer (re-entrant) 

photoresist profile is employed to discontinue metal films during the lift-off process, as 

shown in Figure 2.28 (a). Two different kinds of resists, a normal positive photoresist 

(such as S1818) and a non-photosensitive but more soluble resist (such as LOR 10B), are 

chosen for the bi-layer structure after the developer, as illustrated in Figure 2.28 (b). 

Before the metal deposition, the pre-cleaning step is critical for enhancing the adhesive 

ability between semiconductor and metals. The native oxide of GaAs should be removed 

by dilute acids or bases, for example, NH4OH:H2O at a 1:19 ratio. After the metal 

deposition, the sample is immersed in a photoresist stripper for the lift-off. Thanks to the 

bi-layer profile, the photoresist and unwanted metal are removed completely [29]. Figure 

2.29 shows the SEM images of the p-type narrow-ridge laser after planarisation and 

metallisation. A uniform and smooth metal contact are achieved with a very good 

adhesive ability between the metal and GaAs and underlying polymer.  

 

Figure 2.29 Ti/Pt/Au on the p-type narrow ridge planarised by BCB in (a) cross-section 

view and (b) top view. 

2.2.6 Focused ion beam  

For the production of the device in the industry, photolithography is the dominant 

patterning technique as it allows the patterning of an entire 300 mm (and larger) wafer in 

a short time with high yield. However, it is wasteful and time-consuming to make photo-

masks for the unoptimized device structures during the prototyping development. It is, 

therefore, attractive to use prototyping technologies that enable rapid and flexible 

fabrication of nanophotonic components, ranging from micro- to nanometre scales [30]. 

Among these approaches, FIB is an valuable alternative as it allows photoresist-free and 

direct writing, which enables the post-fabrication of devices with more complex 
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topography such as ridge waveguides and laser facets. Chapter 4 gives a detailed 

discussion of how FIB enables facet creation for Si-based light sources. In this section, a 

brief introduction to the instrument and the working principle of FIB is presented.  

The FIB instrument is almost identical to the SEM, the difference being that SEM uses a 

focused electron beam, while FIB uses a focused ion beam. In general, FIB columns are 

always incorporated into other analytical instruments, such as SEM or TEM. It consists 

of a vacuum system and chamber, a liquid metal ion source, an ion column, a sample 

holder and a detector [31]. A schematic of the FIB setup within the SEM instrument is 

shown in Figure 2.30. There is a 55 angle difference between the SEM column and FIB 

column, which ensures the specimens can be imaged during FIB milling. A vacuum 

chamber is required to avoid contamination from the environment or the milled materials 

of specimens and to prevent electrical discharges in the high-voltage ion column [31]. 

FIB normally uses a liquid metal ion source (LMIS) for small probe sputtering, which has 

the ability to provide an ion source of ~5 nm diameter [31]. The most common of these 

is gallium (Ga+) due to its low melting point (Tmp = 29.8 ℃) and excellent mechanical, 

electrical and vacuum properties [31]. The Ga+ ions are extracted from the LMIS and 

accelerated through an ion column to hit the sample surface; the typical range of 

acceleration voltage is from 3–30 keV and the probe (beam) current is from 1 pA to          

50 nA. Besides Ga+, helium (He) and neon (Ne)  ion sources with much smaller probe 

currents (down to  0.1 pA) can also be employed for more precise milling or polishing for 

small features (nanometer scalar) [32][33]. Similar to the SEM system, the ion column 

includes two lenses: a condenser lens and objective lens for probe forming and sample 

surface focus. A set of apertures is used to define the different probe sizes and ion currents 

for different applications. The rotated sample holder ensures the focused ion beam is 

normal to the specimen surface (Figure 2.30 (b)).  
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Figure 2.30 Schematic diagram of SEM-FIB combined system [34]. 

The working principle of FIB is based on the nature of the ion beam – solid interaction 

[35]. When the incident ions are sputtered to the target atoms, the momentum is 

transferred from the ion beam to the target solid, resulting in a series of elastic collisions, 

as shown in Figure 2.31. A surface atom may be ejected as a sputtering particle if it 

receives enough kinetic energy to overcome the surface binding energy of the target 

materials [35]. A portion of the ejected atoms may be ionised and collected by the FIB 

detector to form images. Inelastic collisions also occur during the ion bombardment, 

which leads to the production of phonons, plasmons (in metals) and SEs. SEs are also 

collected by the detector to form an image. The complementary information can be 

obtained from both images by SIs and SEs. 

 

Figure 2.31 Schematic diagram of the sputtering process and ion–solid interactions [36].  

In addition to the described characteristics of the ion beam, such as acceleration voltage 

and beam current, there is another important parameter – the dose – which decides the 
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milling pattern by the FIB. Dose, in general, denotes the quantity of energy or particles 

absorbed by the medium. In the case of the ion beam, it has units of ions/cm2 and refers 

to the number of ions that impacted and were absorbed into the target in a defined area 

[35]. In other words, an increase in dose means an increase in the milling time per unit 

area by FIB. Thus, the depth of the FIB milled box cut could be determined by 

understanding dose values. A further description of the FIB operation has been included 

in Chapter 4.  

2.3 Laser measurement and characteristics 

2.3.1 Static characteristics 

After the device fabrication, it is essential to measure the characteristics and device 

performance of lasers by performing a series of experiments, in order to determine 

whether the lasers meet the desired specifications of lasing. One of the most important 

parameters is the function of light output power, and device voltage against the injection 

current called the light-current-voltage (L-I-V) curve. From the L-I curve, the laser 

threshold current density, slope of L-curve and external differential quantum efficiency 

can be calculated. The turn-on voltage and serial resistance can be determined from the 

I-V curve. Another significant parameter of lasers is the temperature dependence (T0), 

which describes the sensitivity of laser devices to the temperature changes. Besides that, 

the optical power spectrum, which displays how the optical power varied with different 

wavelengths, is also captured to determine the lasing peak wavelength and lasing 

linewidth. In this section, a detailed description of static laser characteristics will be 

introduced.  

• L-I curve, threshold current density and slope efficiency 

 

The L-I curve is one of the most crucial parameters of the semiconductor laser. Shown in 

Figure 2.32 are the typical L-I characteristics (in black colour) of a function of injection 

current versus output power per mirror facet. Before the threshold current (Ith) point, the 

laser is operated by spontaneous emission, where the output power rises gently with the 

increasing injection current. When the injection current is bigger than the threshold 

current, stimulated emission dominates in the laser cavity, and the laser is operational 

while the optical amplification is larger than the output and internal loss.  
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The threshold current is the critical value for the laser. However, this value is dependent 

on the size of the laser cavity. It is hard to compare the performance of laser devices of 

different sizes. Therefore, it is more sensible to use the threshold current density denoted 

by Jth; the equation for Jth is [37]: 

                                                            𝐽𝑡ℎ =
𝐼𝑡ℎ

𝐴⁄                                           Equation 2.1                                                         

where A is the area of the laser ridge (𝑟𝑖𝑑𝑔𝑒 𝑤𝑖𝑑𝑡ℎ × 𝑐𝑎𝑣𝑖𝑡𝑦 𝑙𝑒𝑛𝑔𝑡ℎ).  

 

Figure 2.32 Output power and voltage against the current (L-I-V curve). 

The slope of the L-I curve is another important parameter to indicate the performance of 

laser devices; it is always desirable to get more output light from laser facets with less 

injection current. As shown in Figure 2.32 the slope efficiency is calculated by 

∆𝑃𝑜𝑢𝑡/∆𝐼𝑖𝑛𝑗1
 after the threshold current point in units of watts per amperes (W/A). It 

represents how many watts of output power is produced by the lasers for every ampere of 

current injected into them. 

• External quantum efficiency 

When we discuss the efficiency of lasers, there is another important indicator, referred to 

as the external quantum efficiency (EQE), d, and expressed as a percentage. This 

parameter presents the efficiency of the laser in converting the injected electrical charges 
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(electron-hole pairs) to output light (photons emitted) from lasers. Under ideal conditions, 

the EQE of a perfect laser should be 100%, which means all of the injected electron-hole 

pairs were converted to photons emitted from laser facets, and no waste of electrical 

charges was caused. To be more specific, one photon is generated by the recombination 

of an electron-hole pair and then travels through the laser cavity structure to contribute to 

the output light of the laser. However, in the real situation, not all of the recombination 

of electron and hole pairs prefer to generate photons; some of them produce another form 

of undesirable energy, such as heat or phonons. Even worse, some of the generated 

photons are reabsorbed by the laser device rather than contributing to the output light. 

Therefore, the EQE of a real laser is lower and depends on the quality of device materials 

and fabrication technology. For example, by adjusting the strain of QW barriers and 

reducing the carrier leakage, the ultra-high d of up to 86% has been realized by a 970 

nm pump laser [38]. Moreover, a strained-layer QW laser emitting at 1500 nm has been 

reported with 82 % EQE [39]. Compared with QW laser, the commercial QD laser shows 

a relative low EQE (~35%) [40]. The possible reason for the degraded EQE may be 

relevant to the reduced carrier density by the discrete energy states and phonon bottleneck 

effect of the QDs [41]. 

In order to measure and calculate the EQE of real lasers, we need to calculate the slope 

of the L-I curve of real lasers after threshold current and compare it to that of perfect 

lasers (100% efficiency) [37]. The detailed derivation process of this ratio equation can 

be explained as follows. 

The slope of the L-I curve of real lasers can be easily achieved by measurement of the   

L-I curve, and that for theoretical lasers can be calculated from basic theory equations. 

The energy of a photon with wavelength 𝜆 is 

                                                     𝐸𝑝ℎ𝑜𝑡𝑜𝑛 =
ℎ𝑐

𝜆
                                                    Equation 2.2 

The unit of energy is the joule and one joule per second is one watt of power (P), thus  

                 𝑃 =
𝐸

𝑡
                                                             Equation 2.3 

where t is time. Moreover, one electron has 1.6× 10−19 Coulombs, where one Coulomb 

is an electric charge (𝑞) equal to one amp transferred current in one second, thus 𝐼 =
𝑞

𝑡
 . 
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If we combine these three equations together, the expression of the slope of the L-I curve 

of a theoretical laser can be written as:  

                                                               
𝑃

𝐼
=

ℎ𝑐

𝑞𝜆
                                                         Equation 2.4 

Therefore, the equation of EQE is written as: 

                                                                𝜂𝑑 =

∆𝑃

∆𝐼
ℎ𝑐

𝑞𝜆

⁄                                                   Equation 2.5

  

• Turn-on voltage, series resistance and wall-plug efficiency 

From the I-V curve in Figure 2.32 (navy colour), the turn-on voltage, which is also called 

the forward-biased voltage, can be obtained. After this turn-on voltage, significant 

electron-hole pairs start to generate at the active region of the laser diode. 

Moreover, the series resistance (𝑅𝑠) can also be obtained from the I-V curve. The series 

resistance defines the laser diode resistance when the injection current is larger than the 

threshold current. The voltage is increased linearly with the injection current; thus, 𝑅𝑠 

can be simply calculated by ∆𝑉/∆𝐼𝑖𝑛𝑗2
 [42], as shown in Figure 2.32. A high value of 

series resistance for a laser could be the result of the low quality of metal ohmic contacts. 

Thus, measurement of series resistance is a simple way to assess the quality of the metallic 

contact deposition [37]. Another important parameter, called wall-plug efficiency (WPE), 

can be calculated according to the L-I-V curves. The WPE of a laser diode is the total 

electrical-to-optical power efficiency ( 
𝑃𝑜𝑢𝑡

𝐼 × 𝑉⁄ )*100%, and varies with the injection 

current as shown in Figure 2.33. In real applications, the WPE of a laser system also 

includes the loss from the power supply and the power consumed from the cooling system. 
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Figure 2.33 L-I curve and WPE plot for an uncoated laser from a single facet. 

• Spectrum and peak wavelength of emission 

The emission spectrum is measured to identify the lasing peak wavelength and lasing 

linewidth. The linewidth is often defined by the full-width half-maximum (FWHM) of 

the power spectrum. By changing the injection current, the laser behaviours below and 

above threshold current can be studied. Figure 2.34 gives an example of the emission 

spectra of a laser diode with different injection currents. When the injection current was 

50 mA, as shown in Figure 2.34 (a), a broad spontaneous emission spectrum appeared 

with an FWHM of 50 nm at 1318 nm peak wavelength. As the injection current increased, 

the spectrum became narrower with higher output power at the peak wavelength of 1318 

nm. When the injection current exceeded its threshold current to 188 mA (Figure 2.34 

(b)), the peak intensity dramatically increased with a narrower FWHM of ~5 nm, which 

represents typical lasing characteristics in the GS. A high-resolution spectrum is also 

employed in order to determine the number of spectral lines and the mode separation. 

Figure 2.35 shows a lasing spectrum of a multi-mode laser device with a high resolution 

of 0.02 nm.  
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Figure 2.34 Spectra of a laser diode at (a) low injection currents before lasing; (b) 

various currents after lasing at RT under pulsed-wave operation. 

 

Figure 2.35 Emission spectrum of the laser diode at high injection current with a high 

resolution. 

• Temperature characteristics  

As per the discussion in Chapter 1, the theoretical QD structure shows a better 

temperature-independent property than the bulk or QW structure [43]. The characteristic 

temperature, which is normally referred to by the symbol T0, of the laser diode, is used to 

indicate the temperature sensitivity of the device. A high T0 means the threshold current 

density and external quantum efficiency increase less rapidly with the increasing 
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temperature, or in other words, it has greater thermal stability. In order to calculate T0, the 

threshold currents of a laser device at different temperatures are measured. 

In the testing system, the laser device is placed on a heatsink, which is monitored by a 

temperature control system. Figure 2.36 illustrates the L-I curve as a function of different 

temperatures for a laser device of 3 mm length and 25 µm width, and the threshold current 

density (Jth) at each temperature can be calculated by equation 2.6. The plotting of Jth 

against the temperature on a logarithmic scale is shown in Figure 2.37, and the equation 

of T0 is [37]: 

                                                     𝑇0 =
∆𝑇

∆ln (𝐽𝑡ℎ)
                                               Equation 2.6 

 

Figure 2.36 L-I curves of the laser diode under pulsed-wave operation at different 

temperatures. 

By measuring the slope of the best linear fitting lines in Figure 2.37, the characteristic 

temperature of this laser diode is 34.2 K between 16 and 50 ℃ and 21 K between 60 and 

80 ℃. The reason for the smaller value of T0 at higher temperatures is that the carriers 

can more easily escape from the GS by absorbing thermal energy.  
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Figure 2.37 Plotting of threshold current density (Jth) against various temperatures in 

logarithmic scale. T0 equals 34.2 K when the temperature is between 16 ℃ and 50 ℃, 21 

K between 60 ℃ and 80 ℃. 

2.3.2  Relative intensity noise 

In an optical transceiver (transmitter + receiver), the major optical noise sources are 

coming from the laser diode, RF amplifier in the transmitter, photodiode and RF amplifier 

in the receiver [44]. For the laser diode, the output power exhibits fluctuations in its 

intensity, phase and frequency even where the injection current is ideally constant. The 

reason for the fluctuations is because of the random recombination of the carrier and 

photons. It causes a time variation in carrier and photon density by spontaneous emissions. 

This variation of photon density results in the fluctuation of output power, which provides 

a noise floor, also called relative intensity noise (RIN) [44]. In a high-speed optical system, 

the RIN can lead to a limited signal-to-noise ratio (SNR), and therefore an increased bit-

error-rate (BER) restricts the system under certain conditions [44]. Since the low 

magnitude of RIN enables reducing the total optical noise in communication systems, it 

is essential for laser development. 
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Figure 2.38 Experimental setup of RIN measurement. ISO: optical isolator. 

The RIN of a laser is defined as the ratio of the intensity noise within a defined bandwidth 

to the overall average output intensity: 

𝑅𝐼𝑁 =
<∆𝑃2>

𝑃0
2   [𝑑𝐵

𝐻𝑧⁄ ]                                    Equation 2.7 

where < ∆𝑃2 > is the mean squared intensity fluctuation and 𝑃0
2 is the squared average 

output power [44]. The RIN is always normalised to a 1 Hz bandwidth so that it can 

compare the intensity noise of the lasers with different bandwidths used [44]. Figure 2.38 

displays the setup for the RIN measurement. The QD laser was biased by using two 

electrical probes. The laser output was collected by a 16 spherical-lensed SMF with 1.7 

m spot size. The fibre was fixed on a three-axis fibre alignment stage by tapes. By 

adjusting the alignment stage, a maximum coupling efficiency can be achieved. The fibre 

was then connected with an optical isolator (ISO) by an APC connector to prevent 

feedback into the laser cavity. The output light was then detected and analysed by a 

commercial instrument, HP 70810B Lightwave Section by FC/PC connectors. In this 

instrument, a built-in InGaAs photodiode, covering the wavelength range between 1200 

nm and 1600 nm, is used for light collection. After the photodiode, the Lightwave module 

can be split into a DC component for the average output power (𝑃0) measurement, and an 

AC component to detect the amplified noise spectrum by the electrical spectrum analyser. 

The preamplifier from the AC component provides a 32-dB gain with an 8-dB noise 

figure, resulting in excellent sensitivity over 100 kHz to 22 GHz range. The equivalent 

electrical and optical noise-floor sensitivities are -165 dBm/Hz and -73 dBm/Hz, 

respectively [45]. 

The measured noise (𝑖𝑝) from the HP 70810B is higher than the actual RIN because it is 

equal to: 

𝑖𝑝 = 𝑖𝑅𝐼𝑁 + 𝑖𝑡ℎ + 𝑖𝑠ℎ𝑜𝑡                                  Equation 2.8 



 

 115 

where 𝑖𝑡ℎ  denotes the thermal noise and 𝑖𝑠ℎ𝑜𝑡  is the shot noise. Both of the shot and 

thermal noise cause current fluctuations in the photodetectors, even the incident optical 

power is constant. The thermal noise is due to the Brownian movement of electrons by 

the thermal energy. It is measured by turning off all the light into the photodetector, and 

it is around -174 dBm/Hz at RT and usually constant [44]. The shot noise comes from the 

quantum nature of light that is incident on the photodetector; it is current-dependent and 

can be calculated by: 

<𝑖𝑠ℎ𝑜𝑡
2 (𝑡)> = 2𝑞𝑖𝑝𝐵                                   Equation 2.9 

where q is the electronic charge, 𝑖𝑝 is the photocurrent, and B is the electronic bandwidth 

of the measurement system, typically normalised to 1 Hz. After subtracting the thermal 

noise and shot noise, the actual RIN value can be obtained. 

2.4 Contribution statement 

In this chapter, the device processing and characteristics for QD lasers have been 

developed with an aim to provide a coherent overview of all techniques utilised in this 

thesis. I would like to acknowledge the various technical support, including the assistance 

with the operation of EBL and FIB by Dr Suguo Huo, the setup of the RIN measurement 

with the help from Dr Lalitha Ponnampalam, and the cleanroom facilities at London 

Centre of Nanotechnology (LCN) and Southern University of Science and Technology 

(SUST). 
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Chapter 3  

RIN measurement and 

data transmission of Si-

based QD laser  

 

3.1 Introduction 

In a resonant cavity light emitter, the fraction of spontaneous emission which is coupled 

into the longitudinal modes by this cavity is a significant figure of merit of the dynamic 

characteristics of the laser. It is called the spontaneous emission factor β. High-β lasers 

have been shown to have a reduced spectrum linewidth and low RIN [1][2], since the 

dominant intensity noise comes from the power fluctuation resulting from the random 

spontaneous emission [3]. As described in Chapter 1, the nonlinear gain compression of 

the QD structure is higher than that of the QW structure, which results in a highly damped 
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limited bandwidth modulation response of QD lasers [4]. Therefore, unique low noise 

characteristics, in term of RIN, are expected from the QD lasers. There have been several 

investigations into the RIN characteristics of InAs/GaAs QD lasers on native GaAs 

substrates [5]–[7], and RIN levels as low as −160 dB/Hz have been demonstrated. 

Compared with III–V QD lasers on native GaAs, III–V QD lasers epitaxially grown on 

Si/Ge show a higher level of RIN, which may be related to the high defect density 

introduced (2–3 orders of magnitude greater than on native substrates) during the direct 

growth of III–V/Si [8][9]. Several previously studied QD lasers grown on Si/Ge 

substrates have shown a diminished performance in RIN levels; for example, Liu et al. 

reported a RIN range between –140 and –150 dB/Hz in a QD laser grown on Si with a 

defect density of 108 cm-2 [10]. RIN at the level of –120 dB/Hz in a Ge-based QD laser 

has also been reported [11]. It is known that the defects can be treated as electron traps 

associated with defect states which capture or absorb carriers and photons in the laser 

cavity, therefore degenerating the laser performance [12]. Although the effect of the high-

density defects on the RIN of the lasers has not been intensively investigated, it is known 

that a high quality of III–V epi-layers grown on Si contributes to a high-performance laser 

with a low RIN level. 

In this chapter, a single transverse mode FP QD laser grown on Si substrate with an ultra-

low RIN of less than –150 dB/Hz, is reported [13]. The Si-based QD laser has also 

demonstrated high performance in static characteristics, in terms of the low threshold 

current of 12.5 mA at RT and maximum operating temperature up to 90 ℃. The good 

laser performance and the low RIN value is partly the result of the high quality of GaAs/Si 

epi-layers, utilisation of the QD structure as the active region and an optimised device 

fabrication process. As a result, 25.6 Gb/s error-free data transmission by external 

modulation over 13.5 km standard single-mode fibre (SMF-28) has been achieved. The 

effect of chromatic dispersion by multi-longitudinal modes in the FP laser has also been 

discussed [13]. This work is proving the data transmission performance of QD on Si laser 

for intra-data centre interconnections. 

3.2 Material growth and device fabrication 

In this work, an InAs/GaAs QD laser structure was grown on an n-doped Si substrate with 

a 4 offcut by MBE. The Si substrate was firstly deoxidised at 900 ℃ for 30 minutes.      
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A thin AlAs NL of 6 nm was deposited by using migration enhanced epitaxy [8]. The 

three-step growth method for 1 m GaAs buffer layer was employed to improve the 

morphology of grown material [14]. After that, a four-period of 10 nm In0.18Ga0.82As and 

10 nm GaAs of SLSs as DFLs [15], separated by 300 nm GaAs spacing layers for each 

period, was deposited after the GaAs buffer layer. Moreover, in situ thermal cycle 

annealing [16] was used during the DFLs growth in order to further reduce TDs within 

the III–V epi-layers on Si substrate. After these approaches, the density of dislocation is 

reduced from 109 cm-2 to the order of 105 cm-2. More details of the epitaxial growth of  

III-V buffer on Si can be found in section 1.2 and in ref [8]. After obtaining well-

developed epi-layers, an n-type 1.4 m Al0.4Ga0.6As cladding layer was deposited as 

follows. Before the p-type cladding growth, a five-layer undoped InAs/GaAs dot-in-well 

(DWELL) structure was grown as the active region. For each DWELL layer, 3 ML InAs 

QD layer was sandwiched by 2 nm In0.15Ga0.85As and 6 nm In0.15Ga0.85As QW, and 45 

nm GaAs spacer layer was separated in each DWELL.  

 

Figure 3.1 (a) TEM image of the InAs/GaAs QD layers. (b) Comparison of PL spectra of 

QD grown on GaAs and Si substrates. Inset: AFM image of uncapped QDs. (c) 

Microscope image of rows of fabricated narrow-ridge lasers. (d) A cross-section SEM 

image of a narrow-ridge laser with as-cleaved facet. 

Figure 3.1 (a) shows a cross-section TEM image of the five-layer DWELL, in which a 

near-defect-free active region is achieved, thanks to the high quality of III–V epitaxial 

layers. A comparison of the PL spectra of QDs grown on Si and native GaAs substrate is 
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shown in Figure 3.1 (b). The comparable PL emission at ~1290 nm with a strong intensity 

of QDs on Si is further proof of the good quality of the epi-layers. The inset of Figure 3.1 

(b) shows a 3-D AFM image of the uncapped QDs with a QD density of ~3×1010 cm-2.  

After the material growth and observation of characteristics, the sample was fabricated 

into a narrow-ridge laser with a fixed ridge width of 2.2 µm, where EBL was used for 

lithography and ICP was used for the optimal dry etching process. After that, the smooth 

mesa with anisotropic profile was covered by SiO2 as the passivation layer to prevent the 

oxidation of the Al-containing layers with air. Planarisation was carried out by using HSQ 

thermally cured at 180 ℃ for one hour. Ti/Pt/Au and Ni/AuGe/Ni/Au metallisation were 

used for the formation of ohmic contacts to the p+ GaAs contacting layer and the exposed 

n+ GaAs layer, respectively. The details of fabrication recipes and process have been 

discussed in section 2.2. After lapping the substrate to 120 µm for better heat dissipation, 

the laser bars were cleaved into the desired cavity length. One of the laser facets was 

coated with several pairs of SiO2 and AlN by ion beam sputtering for 95% high-reflection 

coating. The number of layers and thickness for each deposited layer was simulated for 

95 % reflectivity at 1315 nm before the deposition. By using a demo wafer along with the 

laser device during the sputtering, the actual reflectivity can be measured from the demo 

sample. The fabricated laser bars were then mounted epi-side up on a copper heatsink 

using indium-silver paste and direct probes for testing. Figure 3.1 (c) shows an optical 

microscope image of the top view of the laser arrays with labelled N-pads and P-pads. A 

cross-section SEM image of the as-cleaved laser facet is presented in Figure 3.1 (d). In 

this work, unless stated otherwise, laser characteristics s were tested under CW operation. 

3.3 Characterisation and discussion 

3.3.1 Static characteristics 

Figure 3.2 (a) shows RT CW L-I curves of a 2.2 µm × 2.5 mm narrow-ridge QD laser for 

the total power and the SMF-28 coupled power at an enlarged scale. The measured 

threshold current and slope efficiency are 12.5 mA and 0.162 W/A, respectively. The L-

I-V measurement is presented in Figure 3.2 (b), where the turn-on voltage is 1.5 V, and 

the total output power is 25 mW at 200 mA. Figure 3.2 (c) and (d) compare the L-I curves 

of two different cavity lengths, 2.5 mm and 4 mm, of the QD lasers at different sink 

temperatures. When the cavity length is 2.5 mm, the working temperature can reach at 

least 65 ℃, while a higher temperature of 90 ℃ can be achieved by the 4 mm Si-based 
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QD laser. This can be explained by the fact that the reduced threshold gain from the longer 

cavity is easier to reach before GS saturation as the temperature increases [17]. 

 

Figure 3.2 (a) L-I curves of Si-based QD laser for total power (solid line) and single-

mode coupled power (dashed line) at RT at an enlarged scale. (b) L-I-V curves of the QD 

laser on Si with bias current from 0 to 200 mA. (c) CW L-I curves of Si-based laser with 

2.5 mm cavity length at different temperatures. Inset: Enlarged L-I plot at 20 ℃. (d) CW 

L-I curve of Si-based laser with 4 mm cavity length at different temperatures. 

Figure 3.3 (a) demonstrates the lasing spectra of the Si-based QD laser with 4 mm cavity 

length under different injection currents. At low injection (5–20 mA), the broad 

spontaneous emission is observed at a peak wavelength of 1315 nm. As the current 

density increases to 25 mA (above the threshold current), the peak at 1315 nm increases 

sharply in intensity and narrows to ~4.6 nm, which is clear evidence of lasing. A high-

resolution RT lasing spectrum of the QD laser with 2.5 mm length measured at 40 mA 

(which corresponds to 3.2 times the threshold current) is displayed in Figure 3.3 (b), 

showing a few FP longitudinal modes centred at ~1315 nm with the measured full-width 

of the lasing spectrum of ~2.4 nm. In Figure 3.4, the near-field measurement is illustrated. 

The lasing intensity profiles are plotted under different injection currents, and the inset 
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shows an infrared camera picture of a lasing spot at 20 mA. The spot intensity is greatest 

at the centre and tails off at the edges, following a Gaussian profile. This profile reduces 

in width as the threshold current is reached and maintains a single-mode profile with 

increasing current, which proves the single transverse mode TME00 achieved by our 

narrow-ridge laser. 

 

Figure 3.3 (a) Lasing spectra of narrow-ridge laser with 4 mm length under different CW 

injection currents. (b) High-resolution lasing spectrum of the QD laser with 2.5 mm 

length at an injection current of 40 mA. 

 

Figure 3.4 Lateral near-field intensity profiles with different injection currents. Inset: 

infrared IR camera image of lasing near-field at injection current of 20 mA. 

3.3.2 RIN measurement 

The setup for the RIN measurement is described in Chapter 2. Figure 3.5 shows the RIN 

measurement results of a 2.2 µm × 2.5 mm narrow-ridge QD laser with 12.5 mA threshold 
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current. Figure 3.5 (a) demonstrates the RIN spectrum up to 16 GHz for the bias currents 

of 40, 60 and 80 mA with an optical isolator. The measured RIN is less than −150 dB/Hz 

when biased at gain currents greater than 60 mA (I/Ith > 4.8). This RIN value is normally 

lower than the case in the conventional QW lasers [18]. For the QW lasers with multi-

mode lasing, the RIN is increased significantly by the random redistribution between each 

longitudinal mode of the laser, which refers to the mode partition noise [19][20]. In 

contrast, due to the high gain compression factor as well as the heavy damped photon-

carrier interaction, the QD laser shows a dramatically reduced RIN of individual FP 

modes [7]. To confirm this, theoretical modelling exhibiting the RIN levels between −140 

and −155 dB/Hz for the FP QD lasers has been reported [4]. Similarly, experimental 

measurements were also reported recently for the FP lasers with QD structure [5]–[7], 

which are in agreement with our measured results. Although the level of RIN depends on 

the various factors, such as differential gain and cavity length, our primary argument 

remains that the QD structure shows a superior capability of ultra-low RIN even for the 

multi-mode FP lasers. 

 

Figure 3.5 (a) RIN spectrum of the QD laser at gain currents of 40, 60 and 80 mA with 

isolator. (b) Relaxation oscillation frequency and with different biases. (c) Measured RIN 

in 6–10 GHz region with different biases. 
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The peak of the RIN spectrum indicating the relaxation oscillation frequency 𝑓𝑟 , is 

shifting from 1 to 3 GHz when the gain current is increased from 20 to 80 mA, as shown 

in Figure 3.5 (b). This relatively low bandwidth of the laser is a result of a longer photon 

lifetime due to its longer cavity length (2.5 mm). After the 𝑓𝑟, the RIN value decreases 

rapidly as frequency increased, since the laser is not able to respond to fluctuations at 

such high frequencies [3].  

Figure 3.5 (c) shows the measured RIN with the bias currents (power); the RIN decreases 

with an increase in power with a P-3 dependence firstly at lower powers (two deviated 

points at lower bias) and then decreases with an increase in power with a P-1 dependence 

at higher power (fitted points when I/Ith is bigger than 3). This trace can be explained by 

the small-signal analysis of the rate equation [21], the RIN spectrum at low frequency can 

be expressed as [22]: 

𝑅𝐼𝑁 =
1

𝜋3 𝛿𝑓𝑆𝑇(
𝛾0

𝑓𝑟
2 + 𝐾)2                            Equation 3.1 

where 𝛿𝑓𝑆𝑇 is the Schawlow–Townes formula [23] and inversely proportional to the laser 

output power P. According to equation 1.22 in Chapter 1, the relaxation oscillation 

frequency 𝑓𝑟
2
 is proportional to the output power P, thus the RIN has a power dependency 

of P-3 in the low-power region. At higher power, the measured RIN is dominated by K2 

and has a dependency of P-1 [2][3]. The theoretical model of the rate equation is consistent 

with our measured RIN.  

 

Figure 3.6 RIN spectrum of the QD laser without an isolator. 
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The state-of-art commercial QW transmitter chip is always accompanied by the optical 

isolator for the purpose of reducing the optical feedback and introduced noise [3]. 

However, the integration of isolator aggravates the package cost, process complexity and 

the total loss introduced in the system. Thus, it is highly desirable to operate laser without 

an isolator. Compared with QW laser, the QD laser has been shown a better optical 

feedback tolerance [24][25]. Notably, researchers from John Bowers’s group at UCSB 

have reported that the feedback induced noise also can be highly supressed in QD lasers 

epitaxially grown on Si substrates [10]. In their work, by measuring the RIN under 

different feedback levels (between –60 dB to –10 dB), the RIN of lasers still maintained 

at low levels over the entire feedback range. A nearly 20 dB reduced sensitivity to the 

feedback was achieved by the Si-based QD lasers, compared with the conventional QW 

laser. Their results demonstrate the potential of isolator-free operation of the Si-based QD 

laser for future Si photonics system.  

Here, in our work, we have carried out the initial study of direct comparison of RIN levels 

with and without isolator, while the identical laser was used in both of RIN measurements 

in a controlled experiment. As shown in Figure 3.6, the RIN spectrum without isolator 

shows a similar trend to the RIN with isolator, and the overall RIN still keeps at a low-

level. It is in agreement with the previous reports and can be explained theoretically by 

the higher K-factor and smaller  factor of the QD structure relatively with the QW 

structure according to the Equation 1.25 [26]. Since the feedback level in our system was 

not measured at that time, a systematic study based on the feedback tolerance of our 

device is needed in the future.  

3.3.3 Data transmission 

The FP laser with ultra-low RIN is significantly desirable for optical signal generation, 

especially for the direct modulation, which can be used for the short-reach transmissions 

with low-cost. Unfortunately, the direct modulated transmission has not been executed 

due to the setup limitation. More experiments based on direct modulation are expected in 

the future. Nevertheless, the small-signal measurement of our QD laser device has been 

performed by our collaborative institution, which shows a limited modulation bandwidth 

of 1.6 GHz of the laser by the long device cavity [27]. The details will be discussed later 

in section 3.3.4. Alternatively, in this work, a data transmission experiment employing 
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the external modulation for on-off keying is performed to prove the suitability of this Si-

based QD laser for high-speed transmissions. 

Given that the RIN spectra measured with and without isolator show similar trends and 

noise levels, to evaluate the feasibility of isolator-free QD FP laser for future low-cost 

short-reach data centre applications, here, QD FP laser without an optical isolator was 

employed in the data transmission experiment. The setup of the data transmission is 

presented in Figure 3.7. The 2.5 mm long monolithic QD laser was mounted on a copper 

heatsink and had its temperature stabilised at 25 ℃ via a thermoelectric cooling controller. 

The laser was biased at a fixed current of 40 mA (I/Ith = 3.2), which emitted 6.9 dBm (4.9 

mW) output power from the L-I curve (Figure 3.2 (b)). The emitted lasing was coupled 

by a 1.7 µm lensed fibre with 3.7 dBm power which was coupled into the SMF-28, 

evidencing the primary transverse mode of the laser is the fundamental mode. After the 

polarisation controller, the CW lasing light was subsequently modulated by an X-cut 

Mach-Zehnder modulator (MZM) biased at quadrature with a 𝜋-voltage of 7V. The MZM 

was driven by a pseudorandom pattern generator (PPG) that generated a pseudorandom 

bit sequence of a non-return-to-zero on-off-keying modulated signal with a length of 215-

1. The generated PPG signals had 0.5 V (-2 dBm) peak-to-peak voltage and were 

amplified by a RF amplifier with 17-dB gain, 6 dB noise figure, 45 GHz for high 

frequency 3 dB point and 35 kHz for low frequency 3 dB point [28]. Thus, the 

corresponding driving power of MZM equals to 15 dBm. The static value of  23 dB 

extinction ratio was measured with on down biased MZM. The modulated signal had         

–2.3 dBm power and was launched into a spool of 13.5 km SMF-28 with a dispersion of 

~1.2 ps/(nm∙km) and a total loss of –4.2 dB. It should be noted that this 13.5 km SMF 

was used to comply with the IEEE 802.3 standard for long optical reach [29]. 

 

Figure 3.7 Setup of data transmission experiment. PC: polarisation controller; Amp: RF 

amplifier; PPG: pseudorandom pattern generator; SMF-28: standard single-mode fibre; 

PD: photodetector; ADC: analogue-to-digital converter; BER: bit-error rate. 
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After transmission, a variable optical attenuator was used to change the optical power into 

the receiver. The receiver consists of a 40 GHz photodetector with 0.6 A/W responsivity 

and 50  load resistance, followed by the RF amplifier with same parameters as described 

above [28]. The electrical signal was captured by a 63 GHz, 160 GS/s analogue-to-digital 

converter (ADC) [30]. The actual resolution of the ADC is determined by the effective 

number of bits of  ~ 4.7 bits under 25.6 GHz and 50 mV/div conditions, and resulting in 

an SNR of 30 dB. Two detection schemes were implemented to emulate the analogue 

signal detection in a data centre transceiver. In the first scheme, we downsampled the 

captured signal to one sample per symbol and conducted threshold detection after clock 

recovery and pattern synchronisation. This emulates the simplest data receiver that is 

widely deployed in data centre interconnection. In the second scheme, the captured 

samples were downsampled to two samples per symbol before being equalised by a 

seven-tap two-sample-per-symbol-spaced feed forward equaliser and a one-sample-per-

symbol decision feedback equaliser with one feedback tap. This emulates a receiver with 

simple equaliser to compensate for the frequency roll-off and dispersion in a site-to-site 

data centre interconnection scenario [29]. Due to the limitation of the offline process, the 

maximum BER can only be calculated from 327670 bits. 

 

Figure 3.8 25.6 Gb/s eye diagram at (a) back-to-back (received power of –7 dBm) and 

(b) after transmission over 13 km SMF-28; (c) BER at different received power at back-

to-back (open shapes) and after transmission (solid shapes) using threshold detection 

(blue colour) and equalisation (red colour). 

Figure 3.8 (a) and (b) show the eye diagrams of the received signal back-to-back, and 

after transmission, both measured at a received power of –7 dBm. An opened eye diagram 
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with a Q factor of 7 was obtained in the back-to-back scenario. After transmission, the 

eye diagram has a noisier bit 1 level and a longer rise and fall time due to the dispersion 

caused by inter-symbol interference (ISI), reducing the Q factor to 5.  

Figure 3.8 (c) shows the measured BER as a function of the received optical power at 

back-to-back (open markers) and after transmission (closed markers). The blue markers 

show the BER results using the threshold detection scheme, and the red markers represent 

the BER results using the equaliser. Using the threshold detection scheme, we achieved 

a sub-forward error correction (FEC)-threshold BER for both back-to-back and through 

fibre transmission, when the received powers were higher than –9 dBm and –8 dBm, 

respectively. In the FEC scheme, errors are detected and corrected at the receiver without 

any retransmission. This error control is realized by adding extra bits at the end of the 

transmitted signal in a judicial manner [3]. The transmission power penalty at the FEC 

threshold of 2×10-4 was 1.1 dB, which was primarily due to the impact of chromatic 

dispersion. This leaves loss budgets of 10 dB and 8.75 dB for the 25.6 Gb/s data 

communications at back-to-back and after 13.5 km fibre transmission, respectively. 

According to the dispersion-limited distance equation [3], the calculated maximum 

distance of transmitted fibre is ~14 km by using parameters of 1.2 ps/(nm∙km) dispersion 

of fibre and 2.4 nm linewidth of our laser at 25.6 Gb/s. This calculated result is in 

agreement with the experiment result. For a longer distance transmission, the single 

frequency DFB laser with narrow linewidth is necessary as discussed in perspective in 

section 1.4.  

Compared to the threshold detection, the equaliser-assisted detection scheme improved 

the receiver sensitivity by 1 and 1.6 dB, for a back-to-back and after transmission, 

respectively, at the FEC threshold of 2×10-4. The feed-forward equaliser is used to 

equalize and recover the data by reducing the pulse spreading from the SMF dispersion. 

For the decision feedback equaliser, the ISI can be eliminated by using the previously 

detected symbols on the currently detecting symbols [31]. Indeed, the equaliser offers 

1.6 dB higher power budget at the cost of extra power consumption. In practical data 

centre interconnections, the equaliser can be switched. In both detection schemes, the 

received optical power shows a linear relationship to the −log10 (BER) scale.  
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The equation of SNR of a receiver can be written as [3]: 

𝑆𝑁𝑅 =
𝑠𝑖𝑔𝑛𝑎𝑙 𝑝𝑜𝑤𝑒𝑟

𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑛𝑜𝑖𝑠𝑒 + 𝑠ℎ𝑜𝑡 𝑛𝑜𝑖𝑠𝑒
=

𝑠𝑖𝑔𝑛𝑎𝑙 𝑝𝑜𝑤𝑒𝑟

4𝑘𝑇𝐵
𝑅⁄ + 2𝐵𝐼𝑞

 

where k is Boltzmann constant, T is the absolute temperature, B is effective noise 

bandwidth, R is load resistance, I is photocurrent and q is the electric charge. When the 

received optical power/photocurrent is small, the impact of the shot noise can be 

neglected. Only the thermal noise dominates the system performance, and SNR is 

proportional to the signal power [3].  Since −log10 (BER) is also proportional to the SNR, 

it can be concluded that the linear relationship between the received optical power and 

−log10 (BER) reveals the thermal limited system performance by the optical receiver [3]. 

Thus, it proves the Si-based QD laser is suitable for data centre interconnection without 

involving extra noise. 

3.3.4 Other dynamic characteristics 

In addition to RIN and data transmission measurement, our QD lasers on Si were also 

examined for other dynamic characteristics including gain switching [32] and small-

signal modulation [27] by our collaborative institution, the University of Cambridge. The 

50 µm × 3.1 mm broad-area laser was used to generate gain-switched optical pulses by 

short- and high-amplitude electrical pulses. The shortest observed pulses had widths 

between 175 ps and 200 ps and 66 W peak power. Based on these results, some important 

laser parameters can be revealed by a three-level rate equation model. The simulation 

indicates that the limited gain of 14 cm-1 and high gain compression factor of 91016 cm3 

are the main factors which contributed to the increased pulse width [32]. 

The 2.2 µm × 2.5 mm narrow-ridge Si-based QD laser demonstrates 3 dB modulation 

bandwidths of 1.6 GHz, modulation current efficiencies of 0.4 GHz/mA1/2, and K-factors 

of 2.4 ns and 3.7 ns [27]. The limited modulation bandwidth is due to the long cavity 

length and long photon lifetime. The simulated maximum 3 dB modulation bandwidth of 

5 GHz to 7 GHz can be achieved by the short cavity of 0.77 mm with the internal loss of 

3 cm-1 [27]. Lasing with a shorter cavity could be achieved by increasing either the QD 

density or the dot layers for higher modal gain in the future [33][34]. Moreover, modelling 

the dislocation impact of dynamic properties shows that the enhanced non-radiative 

recombination centres by the dislocations leave the modulation bandwidth of the Si-based 
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QD laser almost unaffected, as sufficient modal gain is provided by the QD [27]. Both 

the gain switching and small-signal modulation measurements indicate that improving 

the gain of QDs is an essential factor in achieving better dynamic characteristics.  

3.4 Conclusion 

In this work, a high-performance narrow-ridge QD laser grown on Si substrates with a 

low RT CW threshold current of 12.5 mA and operation temperature up to 90 ℃ has been 

demonstrated by applying several strategies for high-quality III–V buffer growth and the 

optimal fabrication process. Ultra-low RIN characteristics have been measured at the 

level of < –150 dB/Hz at frequencies up to 16 GHz. Due to this low RIN value and the 

fundamental TEM00 mode of the QD laser, error-free 25.6 Gb/s data transmission was 

achieved after transmitting over 13.5 km SMF-28 without an isolator. This result shows 

that the Si-based QD laser has strong feasibility as a light-emitting source for low-cost 

and highly integrated optical interconnections at terabit speeds for Si photonics. 
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Chapter 4  

Post-fabrication of Si-

based QD lasers for 

different applications by 

FIB 

4.1 Introduction  

In the previous chapter, we examined the modulation properties of our Si-based QD laser 

and found that a single fundamental mode and ultra-low RIN was achieved. The results 

indicate that this laser is capable of data transmission in the optical link as a reliable light 

source emitter. In this chapter, efforts were made to identify the possibility of integrating 
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the Si-based QD laser with other optical components on the same Si platform. In general, 

the hetero-epitaxial integration of different functional photonic devices requires selective 

area growth of III–V compounds on the pattered substrate [1] or selectively etching to 

delineate the III–V region after the whole wafer growth [2]. However, the coupling issue 

is still an open question for edge-emitting lasers in integration studies. Several pioneering 

works have proposed or demonstrated integrated semiconductor lasers with EA 

modulators [3] or SOAs [4] on the native platform. Both building blocks have the same 

epitaxy layers and can be grown at the same time; also, the light can be easily coupled 

between the components at the same height via the butt-jointed coupling. This low-cost 

“platform technology” is capable of providing a variety of applications for Si photonics 

without involving regrowth or changing the basic fabrication process [4]. Although the 

realisation of such an integrated transmitter chip on Si is still a daunting challenge, we 

are able to prove that the concept is feasible by the post-fabrication of our Si-based QD 

laser using the FIB as the prototyping test.  

In the individual FP laser fabrication, the reflective mirrors are normally made by crystal 

cleaving, which however is impractical for multi-device integration on one platform. For 

the commercial photonic integration circuits, the formation of optical feedback is 

generally achieved by a dry etching technique. It can be used to form etched facet for 

simple FP cavity [5], DFB [6][7] or distributed Bragg reflector [8] for single-mode lasers. 

In this chapter, we first discuss FP laser facet creation by FIB etching. Angled facet 

etching was then performed to investigate the feasibility of converting the QD laser into 

other components with just a slight cavity change [9]. The broadband light source, i.e. the 

superluminescent light-emitting diode (SLD), which has wide application both in the 

communication [10]–[12] and biological area [13], and the SOA, which both rely on the 

ASE, can be realised by the tilted facet angle. In addition, we also discuss a groove etching 

study for potential multi-section devices, such as a coupled-cavity laser [14], mode-

locked laser [15], and EA modulators [16] for photonic integrated circuits.  

4.2 Experimental method  

4.2.1 Angled facet etching 

In this work, a standard Si-based InAs/GaAs QD laser was used for the post-fabrication. 

As shown in Figure 4.1, the well-developed 2.4 µm III–V epi-layers, which consisted of 
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a 5 nm AlAs NL, 1 µm GaAs buffer and four layers of DFLs, were deposited on a 4 

offcut Si substrate to reduce the material defects [9]. After that, a 1.4 µm n-doped AlGaAs 

cladding layer with 21018 cm-3 by Si and a 30 nm lower undoped AlGaAs guiding layer 

were grown on the optimised III–V epi-layers. An undoped seven-layer 

InAs/InGaAs/GaAs DWELL active region was deposited as follows: a 30 nm undoped 

upper AlGaAs guiding layer and a 1.4 µm p-doped AlGaAs cladding layer with         

61017 cm-3 by Be were grown above the active region. Finally, a 300 nm highly p-doped 

GaAs contact layer with 11019 cm-3 was grown to finish the laser structure.  

 

Figure 4.1 (a) Schematic diagram of the InAs QD laser structure grown on Si substrates 

[9]. 

The laser structure was then fabricated into a broad-area laser 25 µm in width and 3 mm 

in length following the fabrication process described in Chapter 2. The as-cleaved laser 

device was first characterised as normal and implemented for the post-fabrication of front 

facet angle cutting studies by Ga+ FIB. The cutting angles () were set as 0, 5, 8, 10, 

13 and 16, respectively, as illustrated by Figure 4.2. FIB milling was performed using 

a Zeiss XB 1540 “cross-beam” FIB microscope with a probe current of 500 pA for coarse 

milling and 100 pA for surface polishing. The laser device with each FIB-etched facet 

angle was measured and characterised under CW operation at RT.  
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Figure 4.2 Top-left SEM image shows typical FIB-made angled front facet of Si-based 

InAs QD laser. Bottom-right cross-sectional SEM image shows a typical as-cleaved back 

facet of the Si-based InAs QD laser. 

4.2.2 Groove etching for multi-section device 

The as-cleaved laser device with 25 µm width and 3.5 mm length was used for the groove 

etching study. After obtaining the laser device characteristics (L-I curves), the narrow 

groove was then etched on the laser ridge by the FIB. In fact, the parameters for groove 

etching, such as the width, depth, position and ratio of the long to the short section, 

strongly affect the device performance and need to be optimised for different applications. 

However, in this study, only simple shallow and deep groove etching were compared to 

determine the possibility of using the QD laser on Si as a multi-section device. The 

stimulation for the optimal parameters will be implemented, such as by 2D scattering 

matrix method [17], in the future work.  

First, a groove with 1.3 µm width and 1 µm depth is etched at a position 0.5 µm from a 

single facet of the laser device, as shown in Figure 4.3 (a). The groove with 1 µm depth 

isolates the p-type metal contact and the highly-doped contact layer of the laser device, 

as well as part of the p-cladding layer. As described in Chapter 2.2.6, the depth of FIB 

milling depends on the value of the dose and the number of ions absorbed by the target 

materials. 1 µm depth can be achieved at a dose value of 0.8 nC/µm2. An acceleration 

voltage of 30 keV and probe current of 100 pA were used for the fine sidewalls. After 

that, the L-I curve of the device with a groove was measured from the short section side 
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by electrically pumping the 3 mm long section under pulsed operation (1% duty cycle 

and 1 µs pulse width) while the 0.5 mm short section was unbiased.  

A deeper groove was then etched on this device in the same position. This time, the width 

of the groove was kept the same, but the depth was increased to 3.8 µm, as demonstrated 

in Figure 4.3 (b). This depth is intended to pass the active region, to obtain electrical and 

optical isolation. The FIB parameters for this milling were 30 keV acceleration voltage, 

100 pA probe current and 3 nC/µm2 dose value for the additional 2.8 µm depth. The L-I 

curve of the device with the deeper groove was also measured after the milling. Figure 

4.4 shows the position of the groove on the laser device, which is parallel to the laser 

facet. 

 

 

Figure 4.3 Schematic diagrams (not to scale) of two-section Si-based laser device 

isolated by a 1.3 µm width groove into short section of 500 µm and long section of 3 mm, 

with different groove depths of (a) 1 µm and (b) 3.8 µm. 
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Figure 4.4 SEM image of the groove on a p-type region 517 µm away from the facet of 

the laser. 

4.3 Results and discussion 

4.3.1 Angled facet etching 

We first compare the as-cleaved and FIB-made (0 cutting angle) facets, whose SEM 

images are shown in Figure 4.5 (a) and (b). In order to shorten the FIB operation time and 

reduce the re-deposition by the sputtered materials, the depth of the milling area is 

intended to pass the active region layer. Although there is slight re-deposition below the 

active region of the FIB-etched III/V region, a clean, smooth and vertical sidewall are still 

obtained. Figure 4.6 shows the comparison of the L-I-V curves of the QD lasers on Si 

with the as-cleaved and FIB-milled front facet (0) under CW operation at RT. The 

measured series resistances of these two lasers are very similar, at 3.62  0.01  and 3.65 

 0.02, respectively. The laser threshold current of the QD laser with the as-cleaved 

facet is 200 mA, and the slope efficiency is 0.125 W/A. The Si-based QD laser 

performance has slight degeneration after facet milling by the FIB, with 222 mA threshold 

current and 0.095 W/A slope efficiency. This slight degeneration of the laser in terms of 

the threshold current and slope efficiency is associated with the increased mirror loss, 

which is caused by the ion implantation, re-deposition and bombardment of the energetic 
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Ga+ ions during FIB milling. Another thing to note is that the Ga+ ion beam is not a 

suitable FIB beam source for GaAs/AlGaAs material milling, as the extra Ga+ ions may 

be induced and change the composition of the original materials. Although there are other 

beam sources (He+ and Ne+) available for material milling, they are only competent for 

nanostructures due to their ultra-low milling speed by the low atomic mass and small 

probe currents [18]. For the large volume milling works, such as our laser device in m 

scalar, the Ga ion beam is a more favourable choice with much faster etching speed. A 

more appropriate method is to use gas-assisted FIB milling [19] to reduce the deposition 

effect.  

 

Figure 4.5 Typical SEM images of (a) as-cleaved facet and (b) FIB-made front facet of 

Si-based InAs QD laser. 

 

Figure 4.6 L-I-V characteristics of Si-based InAs/GaAs QD laser with as-cleaved and 

FIB-made facets measured under CW operation at RT. 
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Figure 4.7 Top view of SEM images of FIB-made facets with 5, 8, 10, 13 and 16 

angle. 

Top-view SEM images of 5, 8, 10, 13 and 16 angled facets by FIB are shown in 

Figure 4.7. The mean error of the etched facet angle is around 0.1. There is a small 

triangular edge on the left sidewall in front of the laser facet for both the 13 and 16 

angle, which blocks the light beam from the angled facets during the laser measurements 

and should be removed completely. This uncompleted FIB operation will be avoided in 

future work. Figure 4.8 (a) demonstrates the L-I plotting of the InAs/GaAs QD laser 

directly grown on Si substrate with the as-cleaved facet and 0, 5, 8, 10, 13 and 16 

angled facets, respectively. The laser device shows typical laser characteristics when the 

etched angle is smaller than 8. The threshold current is increased from 222 mA to          

280 mA when the facet angle is raised from 0 to 5. This phenomenon can be explained 

by the effectively reduced reflectivity of the angled facet, which means less reflection 

light was coupled back to the laser cavity compared with the 0 facet. The slope efficiency 

is also degraded by the increased mirror loss. Figure 4.8 (b) displays the L-I 

characteristics of the Si-based QD devices at an enlarged scale when the etched angle is 

bigger than 8. The QD device with 8 facet shows typical superluminescent behaviour, 

which was evidenced by the superlinear increased output power with the current injection. 

This superlinear relationship of power–current is due to the ASE. The maximum RT 

output power is 0.56 mW at 600 mA injection current, and the power was then saturated 

16 degree facet13 degree facet10 degree facet

8 degree facet5 degree facet
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by the junction heating at the higher driving current. As mentioned above, the re-

deposition phenomenon was found during facet etching by FIB, as shown in Figure 4.9; 

these re-deposited residuals induced additional mirror loss and degenerated the device 

performance. As the etched angle was increased further to 13, an LED-like L-I curve 

was observed. 

 

Figure 4.8 L-I characteristics of a 25 µm × 3000 µm Si-based InAs/GaAs QD device with 

different front facet angles of 0o, 5o, 8o, 10o, 13o and 16o under CW operation at RT. 

  

Figure 4.9 SEM image of 8° angled FIB-made facet with Ga+ re-deposition. 

Figure 4.10 compares the RT electroluminescence (EL) spectra of QD devices directly 

grown on Si with 5, 8, 10 and 13 facet angles at different injection currents. These 

EL spectra provide strong evidence of the different device characteristic behaviours 

among devices with different facet angles. The evolutions of the measured FWHM of 5 

and 8 devices against the various currents are summarised in Figure 4.10. For the QD 

device with 5 angled facet, the FWHM is reduced gradually from 52.5 nm to 30 nm 
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when the injection current is smaller than the threshold current. When the current 

increases to 300 mA (above the threshold current), the FWHM dramatically drops to only 

2.4 nm and the output power is suddenly increased. This typical laser behaviour shows 

that the lasing oscillation has occurred even with an effectively reduced mirror reflection 

coming from the 5 front laser facet. Compared with the 5 device, the 8 device shows 

completely different behaviour. The FWHM is slightly narrowed from 54 nm to 45.5 nm 

as the injection current raises from 100 mA to 600 mA, which evidences the fully 

inhibited lasing characteristics in this 8 device cavity. The working mechanisms of the 

narrowing spectrum can be explained as follows. When the QD device works as an SLD 

or SOA, the modal gain is larger than the internal loss within a limited wavelength range 

in the middle of the gain spectrum. The middle of the spectrum, therefore, is dominated 

by the ASE. Towards the edge of the spectrum, the wavelength-dependent modal gain 

decreases and thus the light is dominated by the spontaneous emission. The spectrum 

narrowing is an indirect indication of the existence of ASE. A similar phenomenon 

occurred in the device with 10 facet.  

 

Figure 4.10 RT EL spectra for Si-based QD devices with different front facet angles of 5o, 

8o, 10o and 13o at various CW injection currents. 
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From Figure 4.10 (c) and (d), the secondary peak on short-wavelength side can be found 

as the injection current increased. It is corresponding to the first excited state transition 

of the QD structure. This is typical behaviour of QD broadband device when the GS lasing 

is suppressed [20]. It should be mentioned that the FWHM of the InAs/GaAs QD device 

on Si reported here is much smaller than the QD SLD/SOA on native substrates. The 

reason for this is that the design of the InAs/GaAs QD is for a laser device with optimised 

small dot inhomogeneity. The improved bandwidth could be expected by using the 

techniques of chirped QDs [21], QD intermixing [22] or hybrid QW/QD structures [20]. 

The EL spectrum of the device with 13 facet is displayed in Figure 4.10 (d), where the 

linear increased spectrum peak intensity with the increased injection current indicates 

nominal LED-like behaviour, which was a result of the fully suppressed optical feedback 

by the tilted device facet. 

 

Figure 4.11 Measured FWHM for devices with 5° and 8° facet angles as a function of 

injection current. Inset shows the evolution of the peak wavelength (measured at 300 mA) 

for Si-based QD devices versus the etched facet angle [9]. 

The plotting curve of the peak wavelength (measured at 300 mA) against the front facet 

angle  is demonstrated in Figure 4.11. It can be clearly seen that the peak wavelength of 

the Si-based QD device remains almost unchanged at ~1326 nm with different etched 

angles; in some cases, the device behaviour is even changed significantly. This result 

indicates that the FIB technique is a powerful tool for the semiconductor post-fabrication 

and prototype test; it allows direct and flexible modification of existing photonic devices 
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without severely damaging the device performance and maintaining desired 

communication wavelengths.  

A rate equation model of the facet angle cutting studies has been developed by researchers 

from Sheffield University [9]. According to Fresnel equations [23], the angle of the 

reflected light by the tilted laser facet can be calculated, as shown in Figure 4.12 (a): 

𝑛1𝑠𝑖𝑛𝜃𝑖 = 𝑛1𝑠𝑖𝑛𝜃𝑟 = 𝑛2𝑠𝑖𝑛𝜃𝑡                        Equation 4.1 

And the reflectivity for the parallel polarization (𝑅𝑝) and perpendicular polarization (𝑅𝑠) 

are:  

𝑅𝑝 =
𝑡𝑎𝑛2(𝜃𝑖−𝜃𝑡)

𝑡𝑎𝑛2(𝜃𝑖+𝜃𝑡)
                                     Equation 4.2 

𝑅𝑠 =
𝑠𝑖𝑛2(𝜃𝑖−𝜃𝑡)

𝑠𝑖𝑛2(𝜃𝑖+𝜃𝑡)
                                     Equation 4.3 

where 𝑛1 and 𝑛2 is the refractive index of two different media of the interface; 𝜃𝑖, 𝜃𝑟 and 

𝜃𝑡 are angles of the incident light, reflection light and transmission light. 

 

Figure 4.12 (a) Reflection and transmission of an incidence light at an interface. (b) The 

calculated facet reflectivity and effective facet reflectivity as a function of facet angle [9]. 

For the FP cavity, most of reflected light into the cavity is by parallel polarization; thus 

the angled facet reflectivity can be calculated by Equation 4.1 and 4.2. Figure 4.12 (b) 

shows the calculated facet reflectivity R2 as a function of facet angle.  

Moreover, in order to calculate the reflected light intensity that is coupled back into the 

waveguide, we need to calculate a coupling factor, taking the waveguide mode profiles 

into account. This can be done theoretically using the overlap integral method [30].  

Figure 4.13 demonstrates a model for reflectivity calculation.  
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Figure 4.13 Model for reflectivity calculation. 

A incident wave field F is expressed by sinusoidal function in the waveguide region, the 

fundamental reflected mode 𝐹𝑟 and excited fields 𝐹𝑒 are expressed by equations [30]: 

𝐹𝑟 = 𝐹𝑟′(𝑥′)𝑒−𝑗𝛽𝑧𝑥′𝑠𝑖𝑛 𝜃𝑖                           Equation 4.4 

𝐹𝑒 = 𝐹𝑒
′(𝑥′)𝑒−𝑗𝛽𝑧𝑥′ 𝑠𝑖𝑛 𝜃𝑖                           Equation 4.5 

where 𝑥′ is coordinate of facet, 𝛽𝑧 is the propagation constant in the z direction. 𝐹𝑟
′(𝑥′) is 

the mode function of the reflected mask at the facet, which only includes cos function for 

fundamental mode. 𝐹𝑒
′(𝑥′) has sin for odd modes and cos for even modes. The term 

𝑒−𝑗𝛽𝑧𝑥′sin 𝜃𝑖 is the phase distribution across the tilted facet. Therefore, the coupling factor 

(effective facet reflectivity) can be calculated from the overlap integral [30]: 

𝑅2’ = |∫ 𝐹𝑟
∗𝐹𝑒𝑑𝑥′

∞

−∞
|

2
(∫ |𝐹𝑟|2𝑑𝑥′

∞

−∞
∫ |𝐹𝑒|2𝑑𝑥′

∞

−∞
)⁄          Equation 4.6 

In practice, a further reduction of coupling will occur as a result of the facet roughness 

caused by material re-deposition. In our work, we have optimized the value of the 

effective facet reflectivity (R2’) to obtain the best fitting results during the modelling [9]. 

As shown in Figure 4.12 (b), the increased difference between R2 and R2’ suggests the 

coupling coefficient to guided modes is significant reduced with increasing facet angles, 

which contributes to the suppression of lasing. According to the R2’, we have adopted 

the effective mirror loss as: 

𝛼𝑚
′ =

1

2𝐿
𝑙𝑛 (

1

𝑅1𝑅2’
)                                  Equation 4.7 

Using this parameter, the carrier and photon dynamics for this tilted facet device is 

described by the following equations: 

𝑑𝑁

𝑑𝑡
= 𝜂𝑖

𝐼

𝑞𝑉
− (𝐴𝑁 + 𝐵𝑁2 + 𝐶𝑁3) − 𝑣𝑔𝛤𝑔𝑁𝑝              Equation 4.8 
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𝑑𝑁𝑝

𝑑𝑡
= 𝑣𝑔𝛤𝑔𝑁𝑝 + 𝛽𝐵𝑁2 − 𝑣𝑔(𝛼𝑖 + 𝛼𝑚

′ )𝑁𝑝                   Equation 4.9 

where 𝑁  and 𝑁𝑝  are the carrier and photon densities respectively, A is the defect 

recombination coefficient, B is the spontaneous emission coefficient, C is the Auger 

recombination coefficient, Γ is the optical confinement factor, 𝑣𝑔  is group velocity of 

light, V is the volume of the active region, 𝜂𝑖 is the internal efficiency, 𝛼𝑖 is the internal 

optical loss, and β is the spontaneous emission factor. 

Figure 4.14 shows the simulated results of L-I curves by the rate equation compared with 

the measured results. A good agreement is found between the simulation and actual 

measurement for all facet angles at low injection current. The obvious mismatched data 

after 300 mA injection current is due to the thermal effects in the ASE device.  When the 

device is biased at high injection, the abundant non-radiative recombination produces heat 

within the device [24]. This self-heating tends to increase the thermal escapes of carriers 

and reduce the maximum modal gain of materials [25]. Moreover, dynamic thermal 

resistance is also an important effect causing the severer thermal roll-off at high injection 

current [26].  

 

Figure 4.14 Comparison of simulated and measured L-I curves of QD laser device with 

different facet angles.   
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4.3.2 Groove etching for multi-section device 

Figure 4.15 (a) shows the SEM image of the first shallow groove with 1 µm depth and 

1.3 µm width. Although several residuals were left on the sidewall and bottom of the 

trench, a quite uniform and smooth sidewall was obtained by FIB milling. The purpose 

of this shallow etch is to create electrical isolation; 2.5 MΩ resistance between the 

adjacent contacts was obtained by this shallow trench, as shown in Figure 4.15 (b).  

 

Figure 4.15 (a) SEM image of the groove with 1.04 µm depth and 1.3 µm width on QD 

laser on Si substrate. (b) I-V curve of the adjacent p-type contact by the etched groove 

with a resistance of 2.5 MΩ.   

An SEM image of the deep trench etching is shown in Figure 4.16. It should be noted that 

the width of the groove narrows from 1.3 µm to 1.26 µm during the deep etching (Figure 

4.17 (a)). This phenomenon can be explained by the re-deposition while creating the 

features of high aspect ratio (deep narrow trenches) [27]. During the deep etching, the 

sputtering materials are re-deposited on the sidewall (Figure 4.17 (b)) of the groove rather 

than being removed by the vacuum system. This re-deposition degrades the facet quality, 

but the issue can be solved by etching the trenches with low aspect ratio [27] or gas-

enhanced etching [28] to help the sputtering contribution. The adjacent contact resistance 

for the deep etching groove was kept almost the same as the shallow etch. 
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Figure 4.16 SEM image of the groove with 3.8 µm depth on QD laser on Si substrate with 

36 tilted angle. 

 

Figure 4.17 (a) SEM image of the deeper groove narrowing from 1.3 µm to 1.26 µm due 

to the re-deposition. (b) SEM showing re-deposition on the sidewall.  

Figure 4.18 (a) compares the L-I curves of the laser device before and after the FIB 

milling with different depth grooves. For the devices with grooves, the injection current 

was pumped to the long section by the pulsed-wave operation. The photodetector was 

measured from the short section. The measured threshold current density and output 

power were 400 A/cm2 and 10.8 mW before the FIB milling. The two-section device with 

1 µm depth groove was also measured with a threshold current of  560 A/cm2 and             

4.6 mW output power. For the shallow groove, the interface between the long section and 

short section offers weak reflection and strong transmission [29]. In this case, most of the 

photons which were generated in the long cavity section were coupled into the short 

section with a small reflection rate. The unbiased 0.5 mm section can be treated as an 

absorber, as it absorbs part of the light in the cavity and increases the internal loss 𝛼𝑖 due 

to the overlapped gain and absorption spectra between the short and long section. 

According to the threshold gain 𝑔𝑡ℎ equation, 
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𝑔𝑡ℎ =
1

2𝐿
𝑙𝑛 (

1

𝑅1𝑅2
) + 𝛼𝑖                                 Equation 4.10 

The increased 𝛼𝑖 causes higher threshold gain and threshold current density, as well as 

reduced output power. 

Figure 4.18 (b) shows the L-I curve of the two-section device with a deeper trench; the 

output power is dramatically decreased to ~0.25 mW, and the threshold current density is 

increased to ~653 A/cm2. The reason for this device degeneration can be explained as 

follows. The resonant cavity of the laser device was reduced from 3.5 mm to 3 mm, and 

also one of the laser mirrors was becoming to the etched sidewall of the trench. Thus, the 

mirror loss was increased due to the re-deposition of the sputtering material on the 

sidewall. When the device was biased in the long section, the light was generated and 

oscillated between the etched facet and the end facet in the long section cavity. Due to 

the low coupling efficiency of the etched trench and light absorption by the unbiased short 

section, only a small amount of lasing (~0.25 mW) could be measured from the facet of 

the short section.   

In order to study the integration of the laser device with the EA modulator on the same 

substrate, high coupling efficiency and low transmission loss are required when the 

modulator is biased at 0 V. For this situation, and a shallow etched groove is a better 

choice. However, the shallow groove still shows a significant power loss due to the same 

bandgap energy of the two sections. Thus, the technique for reducing the cavity loss in 

multiple-bandgap material will be discussed in Chapter 5. 

 

 Figure 4.18 (a) Comparison of L-I curves for the laser device before FIB and with 

different depth grooves under pulsed-wave operation at RT. (b) L-I curve for the device 

with 3.8 µm depth groove at a larger scale. 
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4.4 Conclusion 

In this chapter, the post-fabrication study of Si-based III–V QD lasers for other 

applications using Ga+ ion beam FIB for Si photonics is reported. The high performance 

of an RT CW InAs/GaAs QD laser device on Si was achieved by a FIB milled facet. By 

gradually increasing the etched front facet angle of the laser device using the FIB 

technique, a Si-based QD SLD with CW operation at RT has been realised for the first 

time. This achievement demonstrates that reliable electrical pumped light-emitting 

sources, such as laser devices and SLDs as well as SOAs, directly grown on Si could be 

achieved by the etched facet. Secondly, a comparison study of a groove to separate a laser 

device into two independent sections by FIB is introduced. By changing the depth of the 

groove, the threshold current density and output power of the device could be compared. 

A shallow etched groove with a higher coupling coefficient is desirable for the integration 

of lasers with EA modulators in future work. Once the angle of facet for SOA and 

dimension of the groove for multi-section device have been optimized, the standard 

photolithography and wet/dry etching will be implemented for large volume manufacture. 
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Chapter 5 

Selective area intermixing 

of QD laser on Si  

5.1 Introduction 

In the last chapter, we described the post-fabrication of Si-based QD lasers using the FIB 

technique for rapid prototype tests. By angled facet etching for ASE devices and trench 

etching for multi-section device, the feasibility of integrating laser devices with other 

components (such as EA modulator) has been demonstrated. However, as described in 

section 1.4, to realise a monolithically integrated photonic circuit, the ability to engineer 

the bandgap across the wafer spatially is one of the critical points to reduce optical loss 

during the transmission [1]. Different components have different bandgap shifting 

requirements. For example, to achieve a low-loss III-V waveguide integrated with lasers 

or detectors, the bandgaps of the waveguide needs to be above the photon energy as far 

as possible to minimise the band edge absorption [2]. In contrast, when it comes to the 

specific application, EA modulated laser, the residual band edge absorption is the key 
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factor. In other words, the EA modulator requires a variable absorption coefficient by a 

reverse voltage bias to achieve the acceptable extinction ratio for the on-off signals [3]. 

The bandgap of the modulator region needs to be larger than the laser region; thus, the 

photons emitted from the laser can be propagated with less absorption for the “on” signals. 

When the reverse bias is applied to modulator section, the bandgap of material will have 

a redshift (reduced bandgap energy) due to the QCSE [3][4], as shown in Figure 5.1. This 

redshift compensates the bandgap difference between the laser and modulator section; 

thus, an increased absorption coefficient causes the “off” signals. Therefore, the required 

bandgap difference for the EA-modulated laser depends on the bandgap tuning by the 

QCSE. According to the QCSE studies of the QD structure, the Stark peak shift can be 

up to 35 meV (45 nm) by the reverse bias [5]–[7]. For this propose, the method of 

achieving the multiple bandgap QD materials is studied in this chapter. 

 

Figure 5.1 (a) Bandgap diagram with no electrical field (b) red shift of bandgap energy 

via the Quantum confined Stark effect. 

In general, multiple bandgaps can be approached by two methods: selective area epitaxial 

regrowth or intermixing techniques [8]. The intermixing approach by rapid thermal 

annealing (RTA) is a relatively simple approach compared with the regrowth method and 

is widely used in modifying the wavelength of materials, either for QWs [8]–[10] or QDs 

[11]–[13]. Among the various intermixing methods, impurity-free vacancy disordering 

assisted by dielectric layers is particularly attractive for optical integrated circuit 

fabrication, because it does not involve the introduction of extra impurities or damage [1]. 

The dielectric layers, which are deposited on top of the III–V epitaxy layers, play an 
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important role in controlling the intermixing levels by their different thermal expansion 

coefficients. As shown in Figure 5.2 (a), a thin layer of SiO2 with a thermal expansion 

coefficient of 0.52×10-6 ℃-1 has been shown to produce a significant enhancement of the 

intermixing when it was capped on an InAs/GaAs QD structure [13]. The SiO2 layer is 

deposited by PECVD at high temperatures, such as 350 ℃. Due to the thermal expansion 

coefficient mismatch between GaAs (~6.5×10-6 ℃-1) and SiO2, the GaAs is shrinking 

more than SiO2, when the wafer is cooled down to the room temperature. Thus, a 

compressive strain is produced at the interface of GaAs/SiO2. This compressive strain 

tends to create atom vacancies at the interface, and Ga atoms are migrated into the SiO2 

cap during the thermal process. In the InAs/GaAs QD structure, the Ga migration is 

diffused through the III–V epi-structures and cause the intermixing process of InAs QD 

with the surrounding capping layer (InGaAs or GaAs) at the active region. The reduced 

In the composition of QD thus causes a significant blue shift. In comparison with SiO2, 

the TiO2 layer has a much larger thermal expansion coefficient of ~8.2×10-6 ℃-1 than 

GaAs, and a tensile strain at the interface will restrict Ga migration produced during RTA, 

thus suppressing the inter-diffusion rate [14]   (Figure 5.2 (b)). Therefore, the multiple 

bandgaps of III–V QD materials could be achieved by laterally patterning SiO2 and TiO2 

on top before the RTA process to provide a selective area intermixing technique. Using 

this technique, we can intentionally engineer the bandgap for individual photonic devices, 

such as QD lasers, EA modulators and low-loss waveguides, all monolithically integrated 

on the same platform. Although there are significant pioneering works on selective area 

intermixing for QD materials on native substrates [13][14], the intermixing effect of III–

V QDs monolithically grown on Si substrate, which may become more complicated due 

to the high-density of defects involved, has not been reported previously. In additional to 

the higher density of defects, another concern is the larger thermal mismatch between 

GaAs and Si, as mentioned in section 1.2.2. The ultrahigh temperature RTA for the 

intermixing, which is much higher than the epitaxy growth temperature, may aggravate 

the thermal crack issue according to Equation 1.2. However, this issue is not discussed in 

this project and will be investigated to find the solution in the future. 
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Figure 5.2 Schematic diagrams of InAs/GaAs QD intermixing by dielectric layers of (a) 

SiO2 and (b) TiO2. 

In this chapter, we first report on a comparative study of the intermixing effect in 

InAs/GaAs QDs directly grown on Si capped by separated SiO2 and TiO2 layers, to 

determine the optimal thermal annealing conditions. A detailed analysis of annealed QDs 

with different temperatures of the two capping layers, in terms of physical shape, sizes 

and size distributions, has been performed using high-resolution aberration (Cs)-corrected 

scanning transmission electron microscopy (STEM). Based on the optimised annealing 

conditions from each individual study, different bandgaps of III–V QD structure material 

can be realised using the selective area intermixing technique. Thus, electrically pumped 

InAs/GaAs QD lasers directly grown on Si with two different emission wavelengths of 

1275 nm and 1313 nm have been fabricated from this thermally processed wafer, showing 

that this selective area intermixing technology can be used in optical integrated circuits 

for Si photonics without severe degeneration of the QD material quality. 

5.2 Experimental methods 

5.2.1 Optimisation of RTA conditions for SiO2- and TiO2-capped 

samples 

In this work, as shown in Figure 5.3 (a), the III–V QD structure was grown by the MBE 

system on n-doped Si (001) substrate with an oriented offcut of 4 towards the [110] 

direction. After a 1000 nm GaAs buffer layer and three layers of five periods of 

InGaAs/GaAs SLSs as DFLs, the TD density was reduced from the order of 109 cm-2 to 

the order of 107 cm-2. To gain a better understanding of the emission properties of the 

QDs from PL measurement, very thin AlGaAs upper and lower cladding layers of 100 
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nm were used for this test sample. In the active region, five layers of unintentionally-

doped DWELL structure were grown, separated by 50 nm GaAs spacer layers. Each 

DWELL layer consisted of a 2 nm InGaAs wetting layer, 3 ML InAs QDs and a 6 nm 

InGaAs capping layer (Figure 5.3 (b)). On top of the sample, uncapped 3 ML InAs QDs 

were grown for QD density measurement using AFM. Figure 5.3 (b) shows the AFM 

image of QD density, which is around 3×108 cm-2. The doping levels for each layer have 

been labelled in Figure 5.3. It should be noted that the wafer sample in this study is 

unoptimised, and shows a relatively high defect density and low QD density.  

Before the thermal annealing process, the sample was cleaved into two and capped with 

a 200 nm SiO2 film by the PECVD at 350 ℃ and 200 nm TiO2 film by a thin film 

deposition system (Kurt J. Lesker PVD75 [15]) at 80 ℃, respectively. The two samples 

were then cleaved into many pieces for further comparative studies. For the SiO2-capped 

samples, an RTA duration study was implemented for 0, 5, 30 and 60 s at 700 ℃. Based 

on the optimal annealing duration for a significant blue shift and undegraded optical 

emission, different annealing temperatures of 700, 725, 750, 775 and 800 ℃ were then 

trialled. The annealing temperature study for TiO2-capped samples was then executed at 

700, 725, 750 and 775 ℃. PL measurements of each as-grown and annealed sample were 

conducted under excitation using a solid-state laser of wavelength 532 nm at RT. 

In this work, high angle annular dark-field (HAADF) STEM images were obtained using 

a C-FEG JEOL R005 double aberration-corrected TEM/STEM operating at 300 kV 

accelerating voltage. Comparing with other TEM imaging techniques, the HAADF 

provides more information of atomic species and number within the specimen [16], for a 

better understanding of the effect of intermixing on the InAs QDs with the surrounding 

matrix. 
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Figure 5.3 (a) Schematic diagram of InAs/GaAs DWELL grown on Si with thin cladding 

layers. (b) AFM image of the top uncapped QDs with a dot density of 3×108 cm-2. (c) 

Epitaxial structure of a DWELL layer. 

5.2.2 Selective area intermixing and laser device fabrication 

For selective area intermixing, the real laser structure of InAs/GaAs QDs on Si substrate 

was grown, as shown in Figure 5.4 (a). The epitaxy layers and growth method were 

identical to the previous test sample (Figure 5.3 (a)), except for the two thick cladding 

layers of 1.5 µm and a highly doped (Be: 11019 cm-3) 300 nm GaAs contact layer on the 

top. A quarter of the 2-inch wafer was then covered by 200 nm thickness SiO2 and TiO2 

thin film in equal parts, as shown in Figure 5.4 (b). A trade-off RTA condition of duration 

and temperature was applied from the previous optimisation studies for both SiO2 and 

TiO2 caps. After thermal annealing, PL mapping was executed to check the bandgap 

changes of the QD materials. The dielectric layers were then removed using hydrofluoric 

acid (HF) before further device fabrication. 25 µm width broad-area lasers were 

fabricated by standard photolithography, wet chemical etching and metallisation. 

Ti/Pt/Au and Ni/GeAu/Ni/Au were deposited for p-type and n-type ohmic contacts, 

respectively. The laser devices were then cleaved into 3 mm length cavities, without any 

facet coatings, and mounted on the copper heatsinks. 

Si substrate

1000 nm GaAs buffer layer

100 nm AlGaAs cladding layer (Si: 2×1017 cm-3)

50 nm undoped GaAs spacer layer

5 layers of InAs/InGaAs DWELL

100 nm AlGaAs cladding layer (Be: 6×1017 cm-3)

5× 6 nm undoped InGaAs

2 nm undoped InGaAs

50 nm undoped GaAs spacer layer

3 ML InAs

50 nm undoped GaAs spacer layer

3 layers of InGaAs/GaAs DFLs (Si: 2×1018 cm-3)

(a) (c)

(b)
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Figure 5.4 (a) Schematic diagram of the InAs/GaAs DWELL laser structure. (b) 

Schematic diagram of a cross-section of SiO2 and TiO2 dielectric layer on III–V/Si 

DWELL for selective area intermixing. 

5.3 Results and discussion 

5.3.1 SiO2 capping 

• PL spectra analysis 

Figure 5.5 (a) shows the RT PL spectra of the intermixing duration study of the DWELL 

structure capped by SiO2 for as-grown, 5 s, 30 s and 60 s RTA. The inset of Figure 5.5 (a) 

shows the PL peak intensity as a function of the annealing duration, showing an increase 

with longer annealing time and reaching the maximum point when the duration is 30 s. 

The increased PL intensity is mainly contributed to by the reduced TD density after the 

high RTA. The high-temperature annealing enhances the mobility of dislocations and 

increases the probability of interaction and self-annihilation of the TDs [17]. Moreover, 

the RTA also tends to increase the strain in the material, thus, resulting in varied carrier 

confinement of the QDs [18]. As a result, the combined effect of the reduced dislocations 

and the residual strain in and around QDs [19] leads to more distinct improvements in the 

different RTA conditions. As shown in Figure 5.5 (b), the peak wavelength of PL was 

decreased with increased annealing time. This small blue-shift is due to the inter-diffusion 

of In and Ga atoms between the interface of InAs QDs and GaAs barrier layers. The 

change of FWHM of PL for the duration study is also shown in Figure 5.5 (b); the FWHM 

is raised at first when the annealing time is 10 s, and then decreases with longer annealing 

times. The decreased FWHM indicates an improved QD size homogeneity when the 

annealing time is longer than 30 s. By considering the peak intensity, wavelength and 

Si substrate

1500 nm AlGaAs cladding layer (Si: 2×1017 cm-3)

50 nm undoped GaAs spacer layer

5 layers of undoped InAs/InGaAs DWELL

1500 nm AlGaAs cladding layer (Be: 6×1017 cm-3)

300 nm GaAs contact layer (Be: 1×1019 cm-3)

1000 nm GaAs buffer layer

3 layers of InGaAs/GaAs DFLs (Si: 2×1018 cm-3) Si substrate

SiO2

InAs QDs

TiO2

200 nm

(a) (b)
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FWHM, an annealing time of 30 s was chosen for the subsequent annealing temperature 

study, as it shows a relatively larger blue-shift and peak PL intensity. 

Figure 5.5 (c) shows the PL spectra of the annealing temperature study from 700 ℃ to 

800 ℃ with 25 ℃ intervals for a 30 s annealing duration. At first, the PL intensity is 

increased and reaches the maximum point when the annealing temperature is 700 ℃; then 

it decreases gradually as the annealing temperature is increased further (inset of         

Figure 5.5 (c)). Although the RTA can help to reduce the TD density, higher annealing 

temperatures can degenerate the material quality, thus causing a dramatic PL intensity 

decline [20]. The high temperature also causes a bigger blue-shift of PL emission. A 

comparison of peak wavelengths at different temperatures is shown in Figure 5.5 (d). It 

should be noted that the PL spectra become broader when the annealing temperature is 

raised from 725 ℃ to 775 ℃. However, the linewidth narrows at a very high temperature 

of 800 ℃, as shown in Figure 5.5 (d). The broader linewidth accompanied by the large 

blue-shift is the contribution from an inhomogeneous diffusion of Ga atoms at relatively 

low annealing temperature [21]. Therefore, we presume that the RTA leads to a distinct 

change of emission peak and an increased linewidth at relatively low temperatures with 

a SiO2 cap. At 800 ℃, the influence of annealing on the size distribution is more dominant. 

As a result, the FWHM reduces again, and the blue-shift of the PL spectrum becomes 

larger than that at other temperatures. This conclusion is further confirmed by our STEM 

observations. 

The purpose of these studies is to find the most suitable RTA conditions, in terms of the 

annealing time and temperature, of the SiO2-capped DWELL structure for a relatively 

large wavelength shift and an appropriate QD optical emission without serious material 

degradation. By considering results from both annealing time and temperature studies, 

RTA with 30 s duration at 725 ℃ causing a ~34 nm blue-shift in PL peak position and a 

~15.9% increase in PL intensity is the most useful choice. This is the reference for further 

RTA studies of TiO2-capped DWELL and selective area intermixing. 
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Figure 5.5 (a) PL spectra of SiO2-capped InAs/GaAs DWELL structure grown on Si 

substrate with different duration times at 700 ℃. Inset: PL intensity against the annealing 

durations. (b) Plots of PL peak wavelength and FWHM against the annealing durations 

at 700 ℃. (c) PL spectra of SiO2-capped InAs/GaAs DWELL structure grown on Si 

substrate with 30 s duration at different temperatures. Inset: the PL intensity against the 

annealing temperature. (d) Plots of PL peak wavelength and FWHM against the 

annealing temperatures with 30 s duration. 

• QD morphologic and size distribution analysis 

HAADF STEM images of as-grown and annealed specimens were obtained at relatively 

low magnification (at ~600 kX, for size distribution analysis) while detailed STEM 

images of individual QDs have been taken at high magnification (at ~4 MX) for 

comparison. By assuming only Rutherford scattered [22] electrons have been collected,  

the image contrast in the HAADF image is approximately proportional to the square of 

the effective atomic number (Z). In Z-contrast images, the contrast intensity appears 

brighter with higher Z value and darker with lower Z [16]. Therefore, it offers an insight 

into the relative local chemistry of the features.  
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Figure 5.6 (a) shows the HAADF STEM images for SiO2-capped DWELL of the as-

grown, 700 ℃ and 800 ℃ annealed samples and a corresponding schematic diagram of 

the morphological evolution. As the images show, QDs in the as-grown sample exhibit a 

sharp interface and inhomogeneous dot size. After 700 ℃ annealing, the interface 

between the QDs and the surrounding matrix became less distinct, possibly due to the 

thermal intermixing process. However, after 800 ℃ annealing, the QD uniformity 

significantly improved, with an increase in the average dot size. 

  

Figure 5.6 (a) Cs-corrected HAADF STEM images of SiO2-capped DWELL as a function 

of annealed temperature and related schematic diagram. (b) Histogram of SiO2-capped 

QD widths in as-grown, 700 ℃ annealed and 800 ℃ annealed samples. 

Approximately 100 QDs were measured for each of the as-grown, 700 ℃ annealed and 

800 ℃ annealed samples using HAADF imaging at ~600 k magnification to determine 

the width and height of the QDs. The widths and heights of the QDs were measured by 

drawing intensity line profiles across the HAADF images. Table 5.1 displays the widths, 

heights and height/width ratios of QDs in the as-grown, 700 ℃ and 800 ℃ annealed 

samples. The widths of QDs in the 700 ℃ and 800 ℃ annealed samples increase by 2.1% 

and 27.7%, respectively. On the other hand, the heights do not appear to change 

significantly, when measurement error is taken into consideration. This phenomenon 

would suggest that inter-diffusion predominates within the (100) plane rather than the 

[100] growth direction. Considering the theoretical QD geometries proposed in references 

[23][24], this means the ratio between the height h and the base length b is smaller after 

the post-growth annealing. 
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Table 5.1 Summary of the widths, heights and height/width ratios of SiO2-capped QDs in 

as-grown, 700 ℃ and 800 ℃ annealed samples. 

Sample Width (nm) Height (nm) Height/width ratio 

As-grown 28.24.4 8.81.0 0.31 

700 ℃ 28.83.7 9.00.8 0.31 

800 ℃ 36.03.3 9.50.9 0.26 

A more detailed width distribution of QDs capped by SiO2 is given by the histogram 

presented in Figure 5.6 (b). The standard derivation of the 100 QDs’ size from the as-

grown sample is around 4.4 nm. After the high-temperature thermal annealing, the 

standard derivation is decreased to 3.7 nm, and 3.3 nm from the 700 ℃ and 800 ℃ 

annealed samples, respectively. These results are evidence to support our previous 

assumption from the PL measurement. The decrease of the FWHM at 700 ℃ and 800 ℃ 

is due to the improved uniformity of the QD size distribution after the RTA. 

Figure 5.7 shows a series of lattice-resolved HAADF STEM Z-contrast images (presented 

in false colour) of typical single QDs as a function of annealing temperature. The 

increased contrast brightness in the region of the QD reflects the higher mean atomic 

number due to the presence of indium. While the Z-contrast images are not specifically 

indium concentration maps, they highlight the changes in the QD morphology, which is 

likely to be associated with localised indium diffusion. The typical as-grown dot is ~25 

nm in diameter. After 700 ℃ annealing, the image contrast became more uniform across 

the dot region, and the quantum dot size increased laterally. After 800 ℃ annealing, the 

lateral dot size further increased. It is important to note that although the overall aspect 

ratio appears to change as a function of annealing temperature, the basic shape 

morphology of QDs remains essentially the same. 

 

Figure 5.7 Cs-corrected high-resolution HAADF STEM images (shown in false colour) 

of a single QD of SiO2-capped DWELL as a function of annealing temperature with 30 s 

duration. 
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5.3.2 TiO2 capping 

• PL spectra analysis 

Due to the larger thermal expansion coefficient of TiO2, the inter-diffusion rate inside of 

the TiO2-capped DWELL structure is restricted during the RTA. Figure 5.8 (a) shows the 

comparison of the PL spectra between the as-grown and TiO2-capped DWELL structures 

with 30 s annealing duration at different temperatures from 700 ℃ to 775 ℃. Since the 

annealing temperature of 800 ℃ is too high to maintain the material quality for the SiO2 

cap, this temperature is not employed in the following studies. The inset of Figure 5.8 (a) 

is the plot of the peak intensity of PL as a function of the annealing temperature. The peak 

intensity is first raised and reaches its maximum point at 700 ℃, then reduces as the 

temperature increases. The intensity trace of the TiO2 cap is similar to the SiO2 annealing 

temperature study, where an appropriate annealing temperature could enhance the self-

annihilation of the dislocations, thus improving the PL intensity. As the temperature 

increases further, the material quality and QDs are degenerated or destroyed, gradually 

causing the PL intensity to drop. Compared with SiO2-capped DWELL, TiO2-capped 

DWELL shows a much smaller blue-shift under the same annealing conditions. As 

demonstrated in Figure 5.8 (b), the blue-shift of the TiO2-capped DWELL structure is 

only ~6.4 nm by RTA for 30 s at 725 ℃ compared with 34 nm shift of SiO2-capped 

sample. It should be noticed that, due to the existence of doped cladding layers around 

the DWELL region, the diffusion routes/atom vacancies are already present in the 

samples by the dopants [25]. The intermixing phenomenon will still  appear by the RTA, 

even the samples are not covered by any dielectric materials. Therefore, the TiO2 which 

provides the tensile strain is necessary to suppress this intermixing effect. Also, the 

FWHM has a slight decrease at temperatures up to 725 ℃ owing to the narrower size 

distribution of QDs.  
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Figure 5.8 PL spectra of TiO2-capped InAs/GaAs DWELL structure grown on Si 

substrate with 30 s duration RTA at different temperatures. Inset: PL intensity against the 

annealing temperatures. (b) Plots of PL peak wavelength and FWHM against the 

annealing temperatures with 30 s duration. 

• QD morphologic and size distribution analysis 

Figure 5.9 (a) shows the HAADF STEM images of the DWELL of the as-grown, 700 ℃ 

annealed and 775 ℃ annealed samples capped by TiO2, with a corresponding schematic 

diagram of morphological evolution shown on the left-hand side. Compared with the  

SiO2-capped DWELL, the QDs capped by TiO2 still retained a sharp interface and 

inhomogeneous dot size even after 700 ℃ annealing. When the annealing temperature 

increased to 775 ℃, the surrounding matrix of dots became less distinct, and the average 

dot size was slightly increased due to the intermixing process at a very high temperature. 

This intermixing phenomenon happened at 700 ℃ for SiO2-capped QDs, which proves 

that the TiO2 with a larger thermal expansion coefficient could effectively restrict the 

intermixing process.  



 

174 

 

 

 

Figure 5.9 (a) HAADF STEM images of TiO2-capped DWELL as a function of annealed 

temperature and related schematic diagram. (b) Histogram of TiO2-capped QD widths in 

as-grown, 700 ℃ annealed and 775 ℃ annealed samples. 

Table 5.2 shows the average size of QDs in width and height for as-grown, 700℃ and 

775 ℃ annealed samples. The widths of TiO2-capped QDs for 700 ℃ and 775 ℃ 

annealed samples are increased by 1.9% and 11.5%, respectively, compared with the as-

grown sample. The error bars were calculated from the standard deviation, where the 

insignificant changes for different annealing temperature samples mean the size 

distribution of TiO2-capped QDs for each sample remained almost the same. A detailed 

histogram of TiO2-capped QDs widths in as-grown, 700 ℃ annealed and 775 ℃ annealed 

samples is shown in Figure 5.9 (b).  

Table 5.2 Summary of the widths, heights and height/width ratios of TiO2-capped QDs in 

as-grown, 700 ℃ and 800 ℃ annealed samples. 

Sample Width (nm) Height (nm) Height/width ratio 

As-grown 26.93.9 8.70.8 0.32 

700 ℃ 27.43.8 8.80.8 0.32 

775 ℃ 30.03.4 9.00.9 0.3 

The HAADF STEM Z-contrast images of typical QDs as a function of the annealing 

temperature are shown in Figure 5.10. The indium distribution of a single dot is 

highlighted with contrast brightness. For TiO2-capped QDs, the image contrasts of the 

single QDs of the as-grown sample and the 700 ℃ annealed sample are almost unchanged. 

Only a slight indium diffusion happens at the edge of QDs at 700 ℃ annealing due to the 
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intermixing process. After 775 ℃ annealing, the indium diffusion became more 

pronounced. Although it still retains a basic shape morphology, the dot lateral dimension 

increases further as with the SiO2-capped QD annealed at temperatures above 700 ℃. 

The TEM results are consistent with the observations from the PL measurements in  

Figure 5.8.  

 

Figure 5.10 Cs-corrected high-resolution HAADF STEM images (shown in false colour) 

of a single QD of TiO2-capped DWELL as a function of annealed temperature with 30 s 

duration. 

5.3.3 Selective area intermixing and laser results  

Based on the previous studies of the annealing conditions of SiO2 and TiO2 caps, the RTA 

process with 30 s duration at 725 ℃ was chosen for selective area intermixing. Figure 

5.11  (a) and (b) compare the PL mapping of the peak wavelength for a QD wafer sample 

for as-grown and after the RTA with the SiO2- and TiO2-capped regions labelled. The 

small non-uniformity of the QDs in terms of the emission wavelength with a standard 

deviation of 1.49% is shown for the as-grown epitaxial sample, which is caused by the 

slight temperature variance (~10 ℃) of the heating stage between the centre and outside 

during the MBE growth. The higher temperature in the stage centre increases the mobility 

of the In, causing smaller quantum dots and shorter wavelength. For the sample after the 

RTA, a clear square pattern could be found on the right side of the sample, which was 

covered by TiO2. As expected from previous studies, the SiO2-capped region shows a 

bigger wavelength shift in PL measurement compared with the TiO2-capped region. In 

addition, an even larger wavelength shift and a reduced intensity were obtained on the 

edge of the SiO2-capped region. It is likely that the RTA caused serious degradation of 

the material quality at the wafer edge. Figure 5.11 (c) and (d) show the comparisons of 

the PL spectra at the centres of SiO2- and TiO2-capped regions before and after RTA, 

respectively. 
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Figure 5.11 PL mappings of InAs/GaAs DWELL laser sample on Si for (a) as-grown and 

(b) selective area intermixing at 725 ℃ for 30 s. Comparison of PL spectra of InAs/GaAs 

DWELL laser sample before and after the RTA process in (c) SiO2-capped region and (d) 

TiO2-capped region. 

Table 5.3 summarises the wavelength-dependent results of the PL spectra. There is a ~40 

nm blue-shift of the wavelength in the SiO2-capped region after RTA and only a ~3.4 nm 

peak wavelength shift in the TiO2-capped region. This RTA introduces a broader 

linewidth of the PL spectra for both the SiO2- and TiO2-capped regions. The SiO2 region 

has a bigger change in FWHM and a larger blue-shift compared with TiO2. It should be 

noted that, compared with the test samples (Figure 5.3) in the previous studies, the real 

laser samples (Figure 5.4) have much thicker cladding layers and a highly doped contact 

layer of 11019 cm-3. Although this high concentration of dopants does not play a role in 

enhancing the inter-diffusion rate, they provide diffusion routes as the point defects [12]. 

As the results, the intermixing effect of the real sample is even stronger than the test 

samples and also causing slight material degeneration from both the SiO2- and TiO2-

capped wafers. More interestingly, the blueshift of our TiO2-capped region is compatible 
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with the pioneering works of InAs/GaAs QD selective area intermixing on the native 

substrate [13][14]. However, the blueshift (40 nm) of SiO2 region of our DWELL on Si 

is generally smaller than reports in ref [13] and [14], which had demonstrated up to         

100 nm wavelength shift. The possible reason for the reduced intermixing rate of the QD 

material grown Si, may relate to the thermal strain between the Si substrate and the grown        

III-V epi-layers. The thermal expansion coefficient of Si of 2.6  10-6 ℃-1 is smaller than 

GaAs; therefore, this thermal mismatch may cause the reduced intermixing effect in SiO2 

region. 

Table 5.3 Comparison of PL parameters, in terms of peak wavelength, intensity, FWHM 

and blue-shift, for SiO2 and TiO2-capped DWELL structure before and after RTA with 30 

s duration at 725 ℃. 

Sample Peak wavelength (nm) FWHM (nm) Blue shift (nm) 

SiO2: As-grown 1289.2 44.7 / 

SiO2: 725 ℃ 1249.3 72.5 40 

TiO2: As-grown 1276.1 41.5 / 

TiO2: 725 ℃ 1272.7 57.4 3.4 

 

Figure 5.12 shows the comparison of the lasing spectra of the Si-based QD laser devices 

fabricated by this thermally processed wafer. Two different lasing wavelengths indicating 

the SiO2- and TiO2-capped regions are shown, which gives ~ 37 nm lasing wavelength 

difference. The inset of Figure 5.12 is the light–current plots of the two different 

wavelength lasers under pulsed operation at RT with 1% duty cycle and 1 µs pulsed width. 

The measured threshold currents are 150 mA and 175 mA for the TiO2-capped and SiO2-

capped region, respectively. The single output power and slope efficiencies are 10 mW 

(at 400 mA) and 0.0563 W/A for the TiO2 region, and 7.23 mW (400 mA) and            

0.0499 W/A for the SiO2 region. The degraded device performance from the SiO2-capped 

region is related to the material degeneration from the intermixing. The TiO2 region 

material has less of an effect on the RTA compared with SiO2 due to the suppressed inter-

diffusion rate from the large thermal expansion coefficient of TiO2. 
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Figure 5.12 Normalised emission spectra of QD lasers on Si after the RTA process in 

SiO2- and TiO2-capped region under pulsed operation. Inset: L-I curves of QD lasers on 

Si after the RTA process in SiO2- and TiO2-capped region under the pulsed-wave 

operation with 1% duty cycle and 1 µs pulsed width. 

5.4 Conclusion 

In this chapter, we have performed a comparative study of the intermixing effects on 

InAs/GaAs QDs directly grown on Si capped by separated SiO2 and TiO2 layers. The 

optimisation of annealing conditions in terms of the temperature and duration and STEM 

analysis were implemented for both capping materials. Electrically pumped InAs/GaAs 

QD lasers directly grown on Si with two different emission wavelengths of 1275 nm and 

1313 nm (38 nm difference) were achieved from one single wafer by the selective area 

intermixing method. These results are fulfilling the requirement of the bandgap difference 

of QD laser and EA modulator for realising Si-based optical integrated circuits [21]. 
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Chapter 6  

Conclusion and future 

work  

6.1 Conclusion 

This thesis is aimed to make a contribution to the monolithically integrated optical 

transmitter on the Si platform. The whole works are based on the well-studied III–V QD 

lasers directly grown on Si substrates as the on-chip light source for Si transmitter.  

In Chapter 1, the motivation for developing monolithically integrated QD lasers on Si for 

Si photonics was first presented. Next, the challenges and respective strategies for III–V 

integration on Si were reviewed. The superiorities in both the static and dynamic 

properties of QD lasers coming from their unique delta-like DOS were then discussed. 

The big picture of a low-cost optical transmitter, including a DFB QD laser, a QD EA 

modulator and low-loss SOI waveguide, integrated on a Si platform had been proposed.  
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Chapter 2 detailed the experimental methods used to obtain the material characteristics 

by AFM, PL and SEM. We also discussed device fabrication optimisation for broad-area 

and narrow-ridge lasers, as well as the laser device characteristics. 

In Chapter 3, the noise (RIN) and reliability in the real transmission of the Si-based QD 

laser have been examined.  The RIN of the InAs/GaAs QD laser growth on Si is measured 

at an ultra-low level of –150 dB/Hz. Using this low-noise Si-based laser, we then 

demonstrated 25.6 Gb/s data transmission over 13.5 km SMF-28 by external modulation. 

These low-cost FP laser devices are promising candidates to provide cost-effective 

solutions for use in uncooled Si photonics transmitters. 

The feasibility of integrated the grown QD laser with other components on Si has been 

investigated in Chapter 4. By using the rapid prototype technique, FIB, the post-

fabrication of Si-based QD lasers with etched facet was examined at first. Facet angles 

and groove etching were also investigated to convert the laser device to the ASE devices 

and two-section devices for future integration studies. 

Chapter 5 demonstrated the selective area intermixing technique, which could tailor the 

bandgap of III–V compound semiconductors spatially across the wafer up to 28 meV    

(38 nm), by two different dielectric materials. This result fulfils the requirement of 

integration of grown QD laser and EA modulator and provides a potential shortcut for 

optical integrated circuits for Si photonics. 
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6.2 Future work 

Figure 6.1 reviews the concept of the monolithically integrated optical transmitter on Si 

proposed in section 1.4. Although the research in the thesis made several contributions to 

the realisation of this perspective, there are still a lot of roadblocks that need to be solved. 

In this section, future works, in terms of increasing modal gain for single transverse mode 

QD DFB laser and travelling wave electrodes design for high-speed EA modulator, are 

proposed. 

 

Figure 6.1 Schematic diagram of monolithic integration of a QD DFB laser, QD EA 

modulator and SOI waveguide on Si platform. 

6.2.1 Improving modal gain of QDs 

As described in Chapter 1, the reported first QD DFB laser grown on Si has shown 

second-order mode transverse lasing [1], which is undesired for data transmission. Due 

to a large refractive index difference by the special lateral surface grating technique for 

the DFB laser [2], the device requires a narrower laser ridge to achieve the single 

transverse mode lasing [3] compared with the simple FP laser. However, the reduced 

ridge width as well as the grating etching process involve additional optical loss, thereby 

leading to an increased threshold gain and even excited states lasing [4]. It can be 

explained in Figure 6.2, which shows the plotting of modal gain against the current 

density of an edge-emitting QD laser. If the necessary threshold gain (dash line of Gth(1) 

in Figure 6.2) is smaller than the maximum modal gain of GS, low-threshold GS lasing 
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takes place. However, the reduced device size increases the threshold gain (dash line of 

Gth(2) in Figure 6.2) above the GS modal gain, the first excited state lasing occurs instead 

of GS lasing [3]. A high GS modal gain, thus, offers more optical loss budget and smaller 

cavity of devices lasing at GS.  

 

Figure 6.2 Modal gain against the current density of a QD laser with a fitting line of GS 

lasing and first excited state lasing. [3] 

The reported Si-based DFB laser used seven layers of DWELL with a dot-density of  

~31010 cm-2 for each QD layers [1]. The estimated modal gain of GS is around              

14.7 cm-1 [5], which is inferior to the pioneering works grown on a native substrate               

(> 30 cm-1) [6][7]. Therefore, the fundamental issue for the Si-based QD DFB laser is the 

insufficient modal gain of the QD material. Comparing with the InAs/GaAs QD grown 

on a native substrate, it is more challenging to grow QD on the Si substrate. In addition 

to the DFB laser, the QD EA modulator also requires a high QD density in order to 

achieve high absorption and thus keep the extinction ratio with shorter device length, 

thereby significantly increasing the modulation bandwidth [8].  

The maximum modal gain (𝑔𝑚𝑎𝑥) of QD is related to several parameters [9]: 
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density and 𝑍𝐿 is the number of DWELL layers. The modal gain of GS of QDs (𝑔𝐺𝑆) 

equals [3], 

𝑔𝐺𝑆 = 𝑔𝑚𝑎𝑥(2𝑝 − 1), 𝑝 =
𝑁𝐺𝑆

2𝑁𝑄𝐷
⁄                     Equation 6. 2    

where p is the occupancy ratio and 𝑁𝐺𝑆 is the carrier density in the GS. According to these 

two equations, the modal gain can be raised by increasing QD uniformity, QD density 

and QD layers during the MBE growth. The significant research efforts on improving the 

quality of InAs/GaAs QDs on GaAs have been made from different groups for many 

years, which can be the guidance for InAs QDs growth on Si. 

A number of researches show that the QD uniformity can be increased by using an 

InGaAs strain reduced layer (SRL) over the InAs QDs, which can effectively suppress 

the compositional mixing or segregation of QDs during covering. By this approach, the 

PL linewidth can be reduced from a typical value of 38 meV to 21 meV [10]. A similar 

method of using a gradient composition SRL for InAs QD covering has been reported 

with an ultra-high QD density of 11011 cm-2 [11]. In this technique, the various In 

contents provides a smaller lattice mismatch of InAs QD with surrounding matrix and a 

larger strain relaxation effect within the critical thickness of the spacer layer. Moreover, 

the optimized growth conditions and sequence for suppressing In out-diffusion during 

QD coverage also brings a high-optical-gain of QD [12]. Figure 6.3 (a) and (b) compares 

two QD samples with the dot density of 5.91010 cm-2 and QD of  31010 cm-2. As shown 

in Figure 6.3 (c), the doubled QD density results in a significant enhancement of modal 

gain to 35 cm-1 [13]. 

 

Figure 6.3 AFM images of (a)high density and (b) conventional QDs. (c)net modal gain 

against current density [13]. 
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Another method of improving GS modal gain is to stack more DWELL layers. However, 

the accumulated overall strain in the material by the stacked layers will cause defects and 

nonuniform QDs, since the formation of QDs is extremely sensitive to the strain field 

inside the structure [14]. The main point is the ability to keep the strain conditions the 

same for each layer. By optimizing the growth conditions and thickness of the spacer 

layer between each DWELL layer, five layers of DWELL with high material quality can 

be achieved [15]. The QD laser with ten-stack of DWELL has also been reported with a 

low transparency current density [16]. There are also some works focusing on using a 

strain compensation layer of  InxGa1-xP [17] or GaNxAs1-x [18] for ten-stack and even 30-

stack DWELL layers, respectively. 

6.2.2 High-speed EA modulator with travelling-wave electrodes 

As mentioned in Chapter 5, the EA modulator uses the Franz-Keldysh effect [19]/QCSE 

[20] to reduce the bandgap of material by the applied electric field.  The transparent active 

layer begins to absorb light; thus, an extinction ratio of more than 15 dB signals can be 

realised via the reverse voltage biased of a few volts beyond 40 Gb/s [21][22]. High-

performance bulk and QW EA modulators have been investigated and reported for many 

years [23][24]. There are several papers shown the QD structure has an ultra-fast carrier 

escape rate [25][26], and strong exciton effect due to Coulombic interaction from the 

increased carrier confinement [22]. These parameters suggest a highly efficient EA 

modulation property by using the QD structure. However, a practical III-V QD EA 

modulator with high modulation rate (>25 Gb/s) has not been demonstrated yet [27][28]. 

One of the possible reasons is the lower carrier density/modal gain of QD compared with 

the QW structure. The longer length of QD EA modulator device degenerates the 3-dB 

modulation bandwidth, as described above. Another important effect is the parasitic 

capacitance from the device and RF matching at high-frequency operation. 

Figure 6.4 shows a circuit representation of parasitic capacitance of a normal GaAs ridge 

waveguide p-i-n device, which can be used as an EA modulator but strongly limited by 

the RC-time constant. The total capacitance is comprised by the junction capacitance Cj 

and stray capacitance Cd in parallel [29]. The Cj is due to the carriers lifetime in the active 

region and incorporated into the rate equations [30][31]. The stray capacitance Cd is 

contributed by the different dielectric constants between the highly conducted layers, 
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which can be further divided into two capacitance of Cf and Cb in series. The Cf  is due to 

the separation between metal and surface of p-type layer by the dielectric material (BCB); 

the Cb is due to the separation of the p-type layer to the top of n-type layer [29]. 

 

Figure 6.4 The schematic diagram of the parasitic capacitance presented in a simplified 

GaAs p-i-n device [29]. 

The junction capacitance is equal to   

𝐶𝑗 = 휀𝑟(𝐺𝑎𝐴𝑠)휀𝑜
𝐴𝑗

𝑤𝑑
                                        Equation 6.3 

where 휀𝑟(𝐺𝑎𝐴𝑠) is the relative permittivity of GaAs, 휀𝑜 is the vacuum permittivity, Aj is 

the junction area, and wd is the depletion region width. And the stray capacitance of Cd 

equals, 

𝐶𝑑 = (
1

𝐶𝑓
+

1

𝐶𝑏
)−1  , 𝐶𝑓 = 휀𝑟(𝐵𝐶𝐵)휀𝑜

𝐴𝑖

𝑤𝑓
 ,   𝐶𝑏 = 휀𝑟(𝐺𝑎𝐴𝑠)휀𝑜

𝐴𝑖

𝑤𝑏
       Equation 6. 4 

where 휀𝑟(𝐵𝐶𝐵) is the relative permittivity of BCB, Ai is the area covered by p-type metal, 

wf is the thickness of BCB and wf is the total thickness of the semiconductor device apart 

from the n-layer, since it connects to the ground. Therefore, the limited-frequency by the 

electric driving scheme can be calculated by [29]:  

   𝑓0 =
1

𝜋𝑅𝑠𝐶𝑡𝑜𝑡𝑎𝑙
 ,     𝐶𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑗 + 𝐶𝑑                              Equation 6.5 

where 𝑅𝑠 is the internal impedance coming from the device and the RF source.  According 

to the above equations, the cut-off frequency can be simply increased by reducing the 

capacitance via a reduced ridge width/p-electrode area [32] and increased thickness of the 

intrinsic layer/dielectric material [33]. However, the enhanced frequency has an upper 

limit by these approaches, which may sacrifice the device performance, such as a reduced 

modulation depth by a thick intrinsic layer and larger optical loss by the narrower ridge 

n
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width [34]. It is calling for a special design, a travelling wave (TW) electrode structure 

can overcome the RC limitation, and has been widely utilised in the high-speed EA 

modulator [34]–[36]. 

 

Figure 6.5 (a) Schematic diagram and (b) cross-section of the EA modulator with a 

travelling wave electrode design for Si-based transmitter. 

In the concept of the Si-based transmitter, coplanar waveguide (CPW) electrodes are used 

as microwave input feed line and output load (termination) line of high-speed electrical 

transmission, as shown in Figure 6.5 (a). The thick BCB of >3.5 m thickness with an 

ultra-low dielectric constant of 2.65, is deposited underneath the electrodes (Figure 6.5 

(b)). Moreover, the metal area of the p-electrode is reduced as narrow as the waveguide 

ridge to a minimum the stray capacitance.  

Besides reducing waveguide capacitance, the operation speed of the EA modulator with 

the TW electrode is also driven by other important factors [34]. One of the factors is 

impedance matching. In a transmission line, there is a large reflection from the 

unterminated port, which severely affects the frequency response of the device [37]. A 

proper choice of termination can significantly increase the frequency response. The 

termination choice depends on the impedance value of the modulator device itself. A low 

impedance value is desirable to extend the electrical bandwidth, and it is decided by the 

geometry of the CPW [34]. Thus, the dimensions of G-S-G pads in Figure 6.5 (a) are 

needed to be optimized by the simulation to achieve maximum frequency response. 

Figure 6.6 compares the measured frequency response of a TW-EA modulator without 

and with different loads (50  and 32 ), where the 32  shows the highest response 

frequency. Although the impedance value of the load can be estimated from a circuit 
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model for a unit length of TW-EA modulator transmission line [38], the accurate value 

should be measured from a small signal S-parameter measurements [39][40]. 

 

Figure 6.6 Frequency responses of EA modulator with the travelling wave electrodes with 

no termination (w/o), 50-  termination, and 32- termination [35]. 

Other impact factors of modulator performance are including the velocity matching and 

the microwave attenuation, which are also affected by the area of the electrodes [38]. All 

of these parameters need to be carefully simulated and further investigated in future works. 
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