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ABSTRACT 

 

High Performance MOCVD Grown QD Laser on GaAs and Si 

by 

 

Lei Wang 

 

The MOCVD growth mechanism of InAs QD was first explored. By optimizing the InAs QD 

growth parameters, including growth temperature, V/III, growth rate, and capping process, 

highly uniform QDs have been achieved with a dot density of about 5.5E10cm-2. Room 

temperature PL characterization on the QDs shows a 50 nm FWHM for the ground state. A high-

quality InGaP thick layer under low temperatures was also developed as the cladding layer for 

the laser structure. High-performance FP cavity QD laser on GaAs substrate was first 

demonstrated with state-of-the-art performance. The broad-area laser without facet coating 

shows a single facet power of 200 mW; the short narrow-ridge laser without facet coating shows 

a high wall-plug efficiency of about 30%. To enable a QD laser on Si, the GoVS template was 

developed. Combining the technology of aspect ratio trap, thermal cycle annealing, and strain 

layer superlattice, the GoVS sample has achieved a low threading dislocation density (4E6cm-2) 

and a surface roughness of 2.7 nm. The full laser structure was grown on the GoVS sample with 

AlGaAs as the lower cladding layer and low-temperature InGaP as the upper cladding layer. The 

laser on Si has shown a decent device performance at room temperature and continuous-wave 

operation. 

  



 

x 

 

Contents 
Chapter 1 ................................................................................................................................. 1 

1.1 Silicon photonics ............................................................................................................. 1 

1.2 Semiconductor lasers ...................................................................................................... 1 

1.3 Quantum dot lasers ......................................................................................................... 2 

1.4 Quantum dot lasers on Si ................................................................................................ 4 

1.5 Outline of the thesis ........................................................................................................ 5 

Chapter 2 ................................................................................................................................. 6 

2.1 Fundamental physics of QDs .......................................................................................... 6 

2.2 QD material and dots-in-a-well structure ....................................................................... 8 

2.3 Unique properties of QD lasers..................................................................................... 10 

2.3.1 Low threshold current and high characteristic temperature ................................... 10 

2.3.2 linewidth enhancement factor ................................................................................ 12 

2.3.3 Application in high-speed optical interconnect ..................................................... 14 

2.3.4 Reduced sensitivity to dislocations ........................................................................ 16 

2.4 Introduction of MOCVD growth technology ............................................................... 18 

2.5 QDs growth by MOCVD .............................................................................................. 21 

2.5.1 Stranski-Krastanov Growth mode of QDs by MOCVD ........................................ 22 

2.5.2 Precursor Selection ................................................................................................ 23 

2.5.3 Temperature ........................................................................................................... 24 



 

xi 

 

2.5.4 V/III........................................................................................................................ 28 

2.5.5 Growth rate ............................................................................................................ 30 

2.5.6 InAs coverage ........................................................................................................ 30 

Chapter 3 ............................................................................................................................... 32 

3.1 Roadmap of semiconductor laser development history ................................................ 32 

3.2 The basic principle of Semiconductor lasers ................................................................ 34 

3.3 Quantum dot laser structure layer stack design ............................................................ 39 

3.4 MOCVD growth of InGaP cladding layer .................................................................... 41 

3.5 Suppression of InGaP phase separation due to V-shaped defects in QD ..................... 44 

3.6 Whole laser structure growth and material characterization ......................................... 46 

3.7 Fabrication of QD lasers ............................................................................................... 49 

3.8 QD laser device performance ........................................................................................ 55 

3.9 The lifetime of QD laser ............................................................................................... 58 

Chapter 4 ............................................................................................................................... 60 

4.1 Review of laser integration on Si .................................................................................. 60 

4.2 GaAs on Si template development ................................................................................ 65 

4.2.1 V-groove on Si and GaP-on-Si growth to avoid APBs.......................................... 66 

4.2.2 TDD reduction by thermal annealing cycle and strain layer superlattice .............. 69 

4.3 Full laser structure growth on Si and material characterization ................................... 77 

4.4 Fabrication and device performance ............................................................................. 83 



 

xii 

 

Chapter 5 ............................................................................................................................... 88 

Reference ............................................................................................................................... 90 

 



 

1 

 

 

Chapter 1 

Introduction 

1.1 Silicon photonics 

Photonic integrated circuits is a technology to integrate multiple photonic components with 

different functions on a single chip to achieve a compact optical system for various applications. 

The traditional platform of photonic integrated circuits includes silica, lithium niobate, or 

compound semiconductors such as GaAs or InP [1–7]. Si photonics is an emerging technology to 

leverage the high maturity, high volume, and low-cost silicon fabrication technology initially 

developed for electronic foundries to manufacture low-cost and high-performance photonic 

integrated circuits on the Si platform. The development of Si Photonics was initially driven for 

high bandwidth and low-cost transceivers to meet the requirements of the rapid growth of data 

centers [8–12] and then extended to other various emerging applications such as LiDAR [13–17], 

microwave photonics [18–20].  

1.2 Semiconductor lasers 

Semiconductor lasers are those whose gain medium and optical resonant are made of 

semiconductor material. For example, two cleaved laser facets can be the resonator mirror to 

form a Fabry-Perot (FP) cavity, which is the structure of standard FP semiconductor lasers. The 

most common gain medium of semiconductor lasers is the semiconductor quantum well (QW) 

structure, which has been developed for more than forty years [21] and is still the most common 

active medium in commercial semiconductor lasers. The commonly mature QW-based 
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semiconductor laser material system, for example, contains InGaP or InGaAsP QW on GaAs 

substrate for red light laser or near-infrared lasers (wavelength from 630 nm to 1060 nm) 

[22,23], InGaAsP QW on InP substrate for telecom applications (such as 1310 nm, 1550 nm) 

[24], InGaN QW on GaN substrate for visible light lasers [25]. 

1.3 Quantum dot lasers 

Compared with the QW structure, where the carriers are confined in a plane or there is a one-

dimension (1D) carrier confinement, the Quantum dot (QD) is a small volume of semiconductor 

material with a nanometer feature size where there is a three-dimension (3D) confinement for the 

carrier. The concept of the QD laser was first brought up in 1982 [26]. After that, the QD laser 

Figure 1.1. The density of states for different quantum confinement structure, including (a) bulk 

semiconductor, (b) quantum well, (c) quantum line, and (d) quantum dot [133]. 
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has experienced rapid growth and demonstrated many unique properties compared to its QW 

counterpart, including high wall-plug efficiency [27], low threshold current density [28,29], high 

characteristic temperature [30–32], and high defense against defects in hetero-epitaxy [33], etc. 

The unique properties of QD laser mainly come from the distinctive density of state 

distribution. QD structure has a 3D carrier confinement, resulting in a discrete line shape of the 

density of states distribution, shown in the following figure about the density of states for 

different quantum structures in Fig. 1.1. This means a significant density of states in a narrow 

energy range, leading to a high material gain. Because of the high material gain, the threshold 

current density can be significantly reduced correspondingly. QD laser has demonstrated 

ultralow threshold current density in recent decades more than QW lasers. Fig. 1.2 well shows 

the roadmap of the low threshold current density of QD laser and the comparison with traditional 

active medium including QW structure or double heterostructure. 

Figure 1.2. Roadmap of development of threshold current density for different active 

medium including double hetero stucrue, qutanum well and quantum dot [133]. 
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1.4 Quantum dot lasers on Si 

A monolithically integrated laser source on Si is highly desired to achieve photonic 

integrated circuits with complete kinds of functional components. This makes the direct epitaxy 

of III-V semiconductor laser material on Si significant. However, due to the high lattice 

Figure 1.3. Reduction in threshold current density and increasing in laser lifetime for direct 

grwowht of laser on Si, enabled by development of QD laser on Si [131]. 
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mismatch and thermal expansion coefficient mismatch between typical III-V material (such as 

InP and GaAs) and Si, defects will be formed in the grown III-V layer on Si, including threshold 

dislocations, cracks, and antiphase domains. As for the QW laser grown on Si, the active region 

suffers increased non-radiative recombination. However, QD lasers on Si have shown great 

defense against defects, significantly improving laser performance on Si, illustrated in Fig. 1.3.  

1.5 Outline of the thesis 

The thesis summarizes the work on the performance of high-performance MOCVD-grown 

QD laser on native GaAs substrate, QD laser on Si for a monolithic light source for Si photonics, 

and the outlook of more advanced devices or applications based on QD technology. The thesis is 

outlined as follows. The second chapter will introduce the fundamental physics of QD lasers and 

the development of QD material grown by metal-organic chemical vapor deposition (MOCVD). 

In the third chapter, we will review the whole laser growth of the QD laser, fabrication, and 

metrology results. The fourth chapter is related to QD laser on Si, which contains two parts. The 

first is GaAs on Si template development, and the second is the QD laser growth on the GaAs on 

Si template, device fabrication, and testing. The final part explores more advanced devices or 

applications based on QD technology. 
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Chapter 2 

Development of MOCVD-grown QDs 

2.1 Fundamental physics of QDs 

The three-dimension carrier confinement of QDs is formed by the nanometer feature size of 

the dot material and the bandgap offset between the QD and surrounding material. This three-

dimension carried confinement forms a standing wave of the wave function in all three 

dimensions. As a result, it forms full discretization of energy states for the carriers in the QDs 

and the delta-function shape of the density of states distribution [34,35], shown in Fig. 2.1. This 

Figure 2.1. Density of states and carriers of quantum dot shows a delta 

function profile [35]. 



 

7 

 

means significant numbers of carriers distribute in an ultra-narrow energy interval. According to 

Fermi's golden rule, the delta distribution of the density of states and carriers enables QD 

material to have a much higher gain than QW-based active medium. 

The delta function shape of the density of states is just for individual QD emitters. In the real 

world, the QD active medium in QD lasers contains a large number of individual QDs. These 

individual QDs typically have an inhomogeneous dot size distribution [36–39]. The carrier 

energy level in QD is a function of the dot size due to the carrier confinement effect, and 

therefore these QDs have different energy levels. As a result, the whole QD gain medium has a 

broad gain spectrum than the QW gain medium. For example, our MOCVD-grown QD material 

shows broad photoluminescence (PL) spectrum, as shown in Fig. 2.2. However, despite the 

broader gain spectra, a significantly high gain has been demonstrated for QD material [40–43]. 

Figure 2.2.  One typical PL spectrum of a QD gain medium that shows a broad 

peak, indicating the broad gain spectra due to inhomogeneous size of individual QD. 
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2.2 QD material and dots-in-a-well structure 

The most mature and common QD material for semiconductor laser application is the InAs 

QD on GaAs substrate. The emission wavelength of InAs/GaAs QD can range from 1µm to 1.4 

µm. The emission wavelength is mainly depended on the size of the dot and the strain in the dot. 

The dot size can influence the confinement of the carriers to influence the energy level or wave 

function of the energy state of the carrier; the strain can influence the lattice constant of the 

material and then change the wave function of the energy state of the carrier. The growth 

condition, such as growth temperature, V/III, growth rate, etc., influence the size of QDs. By 

optimizing the aforementioned growth parameters, MOCVD-grown QDs have been developed to 

Figure 2.3. AFM images with 1 µm × 1 µm scanning shows QD with excellent 

dot uniformity. 
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demonstrate excellent dot size uniformity, shown in the atomic force microscope (AFM) image 

of 1 µm × 1 µm scanning in Fig. 2.3. 

The most typical QD emission at 1.3 µm is InAs QDs embedded in an InGaAs QW layer, 

called a dots-in-a-well (DWELL) structure [44]. The emission wavelength can be well controlled 

by the indium composition in the InGaAs QW; therefore, the size of QD can be optimized to 

obtain high uniformity and density to achieve high gain. The InGaAs QW can also increase the 

carrier confinement, improving the injection efficiency, material gain, and characteristic 

temperature. The whole active region of QD lasers can contain many layers of DWELL 

structure, and GaAs spacer layers separate adjacent DWELL layers, illustrated in Fig. 2.4. 

Figure 2.4. Illustrate one typical QD active medium, containing five layers of 

DWELL separated by GaAs spacer layers. 
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2.3 Unique properties of QD lasers 

InAs/GaAs QD lasers based on the DELLL active region structure have demonstrated unique 

properties to their QW counterpart, thanks to the different energy level structures of QD lasers. 

2.3.1 Low threshold current and high characteristic temperature 

For semiconductor lasers, the threshold condition is that the total cavity loss, including 

mirror loss and cavity loss, is equal to the modal gain of the active medium. The optical 

confinement factor and the material gain determine modal gain. QD has a delta function 

profile of the density of states, and this results in a significant density of states. According to 

Femi’s Golden role, the material gain is proportional to the density of states. Therefore, the 

QD lasers have a significant material gain. The gain is proportional to the material gain and 

current injection level. If the material gain is high, the current injection can be low to achieve 

the threshold gain. As a result, the QD laser has a low threshold current. 
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QD laser can bring high thermal stability (high characteristic temperature) because the 

delta function distribution of the density of states enables the carrier population to be less 

sensitive to thermal redistributing. However, two critical requirements exist to achieve the 

high characteristic temperature in real devices. The first one is the uniformity of QDs, which 

determines the linewidth of the ground state, and the separation between the ground state and 

the first excited state. A ground state with a full width at half maximum (FWHM) of about 24 

Figure 2.5. Influence of p-doping in QD active region on Characterization 

temperature [134]. 
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mev and an 80 mev separation between the ground state and the first excited state has 

resulted in a 170 K characteristic temperature[45]. The other critical requirement for high 

characteristic temperature is the p-doing in the QD active region. For QD laser, one thing that 

needs to be realized is that the separation of sub-level for holes is much smaller than that of 

electrons. The holes at ground states can be depleted due to thermal escape to excited states, 

which results in the characteristic temperature of the QD laser being limited by the thermal 

escape of holes rather than electrons. To overcome the problem of thermal escape of holes, 

additional holes are essential, which can be implemented by doping the spacer layer between 

two DWELL structures. Fig. 2.5 shows the influence of p doping in the QD for the 

characteristic temperature of QD lasers. However, because additional p doping is located at 

the active region that overlaps with the optical mode profile, the high free carrier plasma 

effect of holes can increase the absorption loss, and the absolute value of threshold current 

will also increase. Therefore, there is also a trade-off between the characteristic temperature 

and threshold current density. This can be an essential rule for QD laser full-layer stack 

design. 

2.3.2 linewidth enhancement factor 

QD laser material has highly different linewidth enhancement factors than its QW part. 

The linewidth enhancement factor, α, quantifies the ratio of change of the real (n) and 

imaginary parts (ni) of the refractive index as the carrier density (N) changes. The imaginary 

parts of the refractive index can be written into the wavelength (λ) and gain (g) as follows 

[46]. 

α =

𝑑𝑛
𝑑𝑁
𝑑𝑛𝑖
𝑑𝑁

= −
4𝜋

𝜆

𝑑𝑛
𝑑𝑁
𝑑𝑔
𝑑𝑁

(1) 
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The linewidth enhancement factor, α, is a fundamental parameter to determine the 

linewidth of semiconductor lasers, which is proportional to (1+α2). QD lasers have 

demonstrated an ultra-small linewidth enhancement factor [47–50]. QD laser has a 

symmetrical distribution of density of states. Therefore, the gain spectrum and the differential 

gain also have symmetrical gain spectra. According to the Kramer-Kronig relationship, the 

differential refractive index will be zero at the gain peak. As a result, the linewidth 

enhancement factor will also be zero at the gain peak. In the actual case, due to the 

inhomogeneous size of the QDs, the linewidth of the gain spectra will be broadened to a 

gaussian shape rather than a delta-function. There are two critical requirements to achieve an 

ultra-small or zero linewidth enhancement factor. The first one is the uniformity of QDs. Due 

to the inhomogeneous dot size, the density of states of the whole QD active medium will be 

broadened. Ultra-low linewidth enhancement factor has been achieved experimentally with a 

minimal inhomogeneous distribution of dot size [51], and recently calculation results show 

that zero linewidth enhancement factor can be achieved if the FWHM of the ground state is 

below 16 meV [52]. Second, hole depletion is a problem for QD laser due to the closer 

subband separation than the electron. P-doped for the QD active medium can compensate for 

the hole depletion to increase the differential gain and therefore be essential for a small 

linewidth enhancement factor [47]. 

The small linewidth enhancement factor enables QD to be promising for narrow 

linewidth laser output, which is critically important to many applications such as coherent 

communication, microwave photonics, and frequency-modulated continuous wave (FMCW) 

Lidar. 
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Thanks to the small linewidth enhancement factor, another promising application of QD 

laser is to develop a single-mode laser with low sensitivity of back reflection. The optical 

feedback must be controlled below at least -30 dB for traditional QW laser to maintain 

single-mode operation. As a result, there has to be a large isolator between the laser source 

and the rest of the optical components. The isolator might be larger than the semiconductor 

laser itself. The defense of semiconductor laser to optical feedback can be quantified by the 

item critical level fcrit, which scale as 

𝑓𝑐𝑟𝑖𝑡 ∝
1 + 𝛼2

𝛼4
. (2) 

From equation (2), we can learn that a small linewidth enhancement factor can bring a high 

critical level to optical feedback. Experiments also demonstrate that QD has low sensitivity 

to optical feedback [53,54]. 

2.3.3 Application in high-speed optical interconnect 

QD laser has a discrete subband energy diagram, and the gain of individual emitters is 

decoupled in the active region, enabling QD to have ultra-high gain recovery speed [55–57]. 

The carrier relaxation time to ground state can be in the femtosecond scale, while the QW 

laser typically has a carrier relaxation time in a range of picoseconds and nanoseconds. This 

high gain recovery time should enable the QD laser to have a higher modulation speed than 

the QW laser. However, the current high-speed modulation record is still dominated by QW 

semiconductor lasers. One hypothesis is that the phonon bottleneck is the key artifact to de-

efficient the carrier capture to the ground state due to the much larger separation energy of 

the sub-level than the phonon energy [58]. However, new research reveals that the highly 

efficient Auger in the QD active medium can suppress this phonon bottleneck effect which 

allows a fast gain recovery process [59]. It should be reasonable to assume that the reason for 
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not demonstrating the QD laser with a modulation speed as high as the QW laser is that the 

QD laser has not been fully engineered for high-speed modulation applications. 

Nevertheless, the ultra-high gain recovery process enables the QD laser to demonstrate a 

mode-locked laser with a very ultrashort optical pulse than what has been demonstrated for 

QW lasers [60]. Moreover, due to the ultralow linewidth enhancement factor and the 

decoupled gain in the individual emitters in the QD active region, the QD laser has 

demonstrated an ultra-low mode partition noise. As a result, QD mode-locked laser can have 

very low relative intensity noise (RIN). This means that QD mode-locked laser can become a 

comb light source with constant mode spacing and low-intensity noise, which is highly 

Figure 2.6. One proposed photonic link architecture, including a multi-

wavelength comb source, a cascade micro-ring modulator, micro-ring add-drop 

filter and detectors [61]. 
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desirable for the next-generation low-cost, low power consumption, small footprint, and 

high-speed transceiver applications. 

As shown in Fig. 2.6, one proposed optical communication architecture contains a comb 

laser source, which can be a QD mode-locked laser, a single-mode waveguide on silicon 

photonics or fiber, a cascade micro-ring modulator, a cascade micro-ring add-drop filters, 

and detectors [61]. 

2.3.4 Reduced sensitivity to dislocations 

Monolithically growth of QD laser on Si has been a highlighted topic in the past decade 

thanks to the merit of QD laser of low sensitivity to the threading dislocation in the epitaxy 

laser by heterogeneous growth of III-V material on Si [62–65]. The influence of threading 

dislocation is the non-radiative recombination of carriers due to the deep energy formed in 

the dislocation position. For QW active region, there is only carrier confinement in the 

direction perpendicular to the epitaxy layer, and the carrier can be freely diffused in the plane 

of the epitaxy layer. During the operation of QW lasers, the diffusion length of electronics is 

Figure 2.7. This diagram shows the physics of less sensitivity of QD laser to 

threading dislocation [135]. 
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in the order of microns. However, the typical distance of threading dislocation of III-V grown 

on Si is also in the order of microns. Therefore, the performance of QW laser directly grown 

on Si suffers significantly from the non-radiative recombination due to the threading 

dislocations. Nevertheless, the carrier diffusion length is in the order of hundreds of 

nanometers in the QD active medium due to the three-dimensional carrier confinement, 

shown in Fig. 2.7. This means that the carrier is mainly localized within or nearby the QDs. 

If the QD density is significantly high than the threading dislocation density, the performance 

of the QD laser can be less influenced by the threading dislocations. 

Because of the low carrier diffusion length in the lateral direction, the QD laser on Si has 

demonstrated increased output power and reduced threshold density than the QW laser on Si. 

Moreover, the lifetime of QD lasers on Si can also increase significantly more than QW on 

Si. One threshold dislocation will influence a QD only if the threshold dislocation crosses the 

QD or is close to the QD. For self-assembled growth QD, a strain field surrounding the QD 

can push the thresholding dislocation away during the growth. Besides, as for the QW laser, 

when it is aging, the threading dislocations can climb and merge to form giant defects, which 

can significantly degenerate the laser performance. Therefore, QW laser on Si has a very 

short lifetime. For the QD laser, as aforementioned above, the stain of the QD can push away 

the threading dislocation during growth. It can do the same thing when the QD laser is aging, 

decreasing the climbing distance of the threading dislocation to avoid forming giant defects 

such as in QW active medium. Therefore, the lifetime of the QD laser on Si can significantly 

increase. QD laser grown on Si with a long lifetime suitable for practical application has been 

demonstrated [62]. Even though there is still a gap between the current state-of-the-art reality 
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of QD laser on Si and the requirement for the communication application, the gap is no 

longer out of reach. 

2.4 Introduction of MOCVD growth technology 

MOCVD, whose full name is Metal-Organic Chemical Vapor Deposition (MOCVD), is a 

technique for growing semiconductor thin films on a substrate. Using MOCVD technology, 

many nanolayers can be deposited with great precision, each with a controlled thickness, to form 

materials with specific optical and electrical properties. In the current industry, MOCVD is a key 

process technology for optoelectronic devices such as semiconductor lasers and light-emitting 

diodes (LED). 

In the MOCVD growth process, the reaction precursors, such as group III metal-organic 

compounds and hydrides of group V elements, are first transferred into the reaction chamber. A 

part of the mixed gas flows over the heated wafer surface and undergoes thermal decomposition. 

The decomposed precursors will first be adsorbed on the wafer surface and transported along the 

Figure 2.8. The mechanism of MOCVD growth process (acquired from 

Osram website). 
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wafer surface with some surface kinetic process. Some adsorbed atoms will be incorporated into 

the crystal structure of the wafer, and the others will escape from the wafer surface and finally go 

to the exhaust gas. Fig. 2.8 shows the diagram of the MOCVD growth mechanism. 

The MOCVD system can be briefly divided into four parts: gas operating system, the 

reaction chamber, the heating system, and the exhaust gas treatment system, illustrated in Fig. 

2.9. The gas operating system includes all the valves, pumps, and various equipment and 

pipelines used to control the gas stream of the Group III metal organic source and the Group V 

hydride source and their mixtures. The most important part is the precise control of the amount 

of raw materials that are fed into the reaction chamber for reaction. The main components are the 

Figure 2.9. The MOCVD gas circuit diagram showing the different parts of the 

MOCVD system. 
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mass flow control meter (MFC) for flow control, the pressure controller (PC) for pressure 

control, and the water bath for temperature control of the metal-organic source bubbler. 

The reaction chamber is the core component of the MOCVD growth system, and the design 

of the chamber has a crucial impact on the growth effect. The design of the reaction chamber 

varies from one MOCVD equipment manufacturer to another. The basic design rule is to avoid 

turbulence in the reaction chamber and to ensure that only laminar flow exists to achieve uniform 

distribution of airflow and temperature in the reaction chamber, which is conducive to large-area 

uniform growth. In the experiment in this thesis, the reactor is a horizontal structure. A long 

taper structure ensures that the mixed flow maintains laminar flow before reaching the wafer 

holder area. The ceiling of the reactor has a tilted angle to ensure a uniform boundary layer 

thickness along the wafer holder area to ensure uniform thickness growth. 

Compared with other epitaxial growth techniques, MOCVD technology has the following 

advantages. First, the source used to grow compound semiconductor materials are passed into the 

reaction chamber in a gaseous state, so the epitaxial layer's composition, dopant concentration, 

and thickness can be controlled by precisely controlling the flow rate of the gas source. This 

merit can grow ultra-thin layer materials with high accuracy. Second, the gas flow rate in the 

reaction chamber is fast. Therefore, when it is necessary to change the composition and doping 

concentration to grow a multi-layer structure, the change can be made quickly, reducing the 

possibility of memory effects, which facilitates the acquisition of steep interfaces and is suitable 

for the growth of heterostructures and superlattice and quantum well materials. Third, crystal 

growth is carried out in a pyrolytic chemical reaction, which is a single temperature zone 

epitaxial growth. Therefore, the homogeneity of the epitaxial material can be guaranteed as long 

as the uniformity of the reaction source airflow and temperature distribution is well controlled. 
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As a result, it is suitable for the epitaxial growth of multiple pieces and large pieces, which is 

convenient for industrial mass production. Forth, the crystal growth rate is proportional to the 

flow rate of the group III source so that the growth rate can be adjusted in a wide range. The 

faster growth rate is suitable for high-volume production in the industry. 

2.5 QDs growth by MOCVD 

Since the concept of using three-dimensionally quantum confined structures in lasers was 

initially put up 30 years ago, InAs self-assembled quantum dot systems, have continuously 

developed from being a pure thought to commercialization [66]. Compared to their quantum well 

counterparts, they promise a lower threshold, more stable functioning at different temperatures, 

and a more comprehensive wavelength tunability range for semiconductor laser applications. The 

recent demonstration of InAs quantum dot (QD) lasers as viable light sources on silicon for 

silicon photonics applications is even more fascinating [62]. The InAs/GaAs system has received 

the majority of attention in the research on self-assembled QDs. It involves the growth of InAs 

self-assembled QDs in a GaAs or AlGaAs matrix. When developed, if adequately implemented, 

the emission wavelength from InAs QDs on GaAs can be increased into the telecom windows of 

1.3 um. By using a high indium composition InGaAs capping layer, 1.5 m um can also be 

reached, which usually requires InGaAsP quaternary material grown on an InP substrate. GaAs 

substrates are preferable for future low-cost semiconductor laser solutions because they are 

generally of higher quality, less expensive, and have superior thermal conductivity than InP, 

making them an attractive choice. 

Due to industrial needs, MOCVD technology has developed quickly to the point where it can 

currently compete with MBE in terms of material quality, with the latter being chosen by the 

industry due to its higher throughput and simpler maintenance requirements than MBE. 
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Nevertheless, MBE is now growing commercial quantum dots because they are of higher quality 

(see Innolume and QD Laser Inc). Therefore, achieving high-quality InAs QD growth and 

associated devices by MOCVD is desirable. MOCVD-grown QD lasers have been developed 

[67,68], but the performance is still not as excellent as that of MBE-grown QD lasers. 

Systematical research of MOCVD-grown lasers is essential to understand the improving space of 

MOCVD-grown QD lasers. 

2.5.1 Stranski-Krastanov Growth mode of QDs by MOCVD 

Stranski-Krastanov (SK) growth mode, in which initial 2D paedomorphic growth of an InAs 

"wetting layer" transforms to three-dimensional growth once a certain thickness is reached, gives 

rise to the formation of InAs self-assembled QDs through strain relaxation [69]. This critical 

thickness is typically on the order of monolayers, and beyond this point, only a very narrow 

window of defect-free dot growth is possible (up to around 3 MLs for InAs on GaAs), after 

which additional deposition results in the production of dislocations. Self-assembled QDs and 

QD lasers were historically developed in MBE, and progress in MBE in this area typically came 

before advances in MOCVD [70]. Two years after the discovery of self-assembled QDs, PL 

emission at 1.3 m was accomplished [71]. Soon after, ground-state lasing was accomplished, and 

it took MOCVD ten years to achieve ground-state lasing at 1.3 m [72]. Early MBE growth is 

significantly more precise than MOCVD due to the ease with which the 2D to 3D growth mode 

shift may be observed using in situ characterization methods. In addition to lacking the 

monolayer precision control of MBE, the near atmospheric reactor pressure reduced mean free 

path, complicated chemical reactions, adduct formation, and small overlap of efficient precursor 

pyrolysis with the sensitive growth windows of InAs QDs were all contributing factors to the 

difficulty in MOCVD growth of self-assembled QD. 
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The dots should emit at the correct wavelength and be homogeneous, dense, coherent, and 

defect-free in to provide a large material gain for laser applications. These constraints impose 

several contradictory restrictions. For instance, the surface adatoms' lengthy diffusion lengths are 

required for size uniformity throughout the dot ensemble, but this comes at the cost of fewer 

nucleation sites and a lower density. Larger dots must be developed to attain longer emission 

wavelengths, but if too much indium is added, the larger dots begin to plastically relax, reducing 

their optical performance. Aluminum-containing cladding layers are frequently used in GaAs-

based lasers to promote optical and electrical confinement. However, Al-containing layers 

demand relatively high growth temperatures in both MBE and MOCVD, which could result in 

In-Ga interdiffusion and reduce the optical quality of the dots. The effort of optimization of 

MOCVD growth of self-assembled QD by the work of this thesis will be covered in the 

following sections. 

2.5.2 Precursor Selection 

At our MOCVD system, available metal-organic sources include trimethyl gallium (TMGa), 

triethyl gallium (TEGa), trimethyl aluminum (TMAl), trimethyl indium (TMIn), tributyl 

phosphate (TBP) and tributyl arsine (TBA) as precursors. The doping precursors contain 

disilane, carbon tetrabromide (CBr4), and dimethylzinc (DMZn). TBP and TBA are utilized as 

group V sources because of safe consideration and also their availability for ultra-low 

decomposed temperatures, which enables low-temperature growth to pursue better material 

quality. As for gallium sources, there are two options, TMGa and TEGa. TMG is a low-cost 

solution suitable for nearly most of the requirements of material growth. TEG has a lower 

decomposition temperature than TEGa, bringing several advantages to TMG. Low 

decomposition temperature enables GaAs or InGaAs material growth at low temperatures, 



 

24 

 

essential for InAs/GaAs QD growth. The InAs QD is regularly grown around 500 °C. After InAs 

QD growth, the dot must be covered by InGaAs capping layer and the GaAs spacer layer. The 

InGaAs capping layer and GaAs spacer layer should not be grown at higher temperatures to 

avoid serious annealing of dots, resulting in dot size being out of shape. For GaAs grown by 

TMGa, the temperature is generally above 550 °C. However, TEGa can enable GaAs growth 

under a very low temperature, for example, below 500 °C. This significantly benefits the 

protection of QDs. Besides, low temperature is also favorable for high p-doping material. In our 

experiments, we found out that a low temperature (below 525 °C) is essential for high p-doped 

GaAs (>1E20 cm-3). In this case, GaAs grown by TEGa have a significant advantage in doping 

and material quality. Apart from that, GaAs grown by TEGa also has a lower carbon background 

doping level than those grown by TMGa because of reduced background carbon doping during 

growth. 

 Disilane is chosen for the n-type dopant source over silane because of safety considerations 

and low decomposition temperature. Si can work as an n dopant for various materials such as 

GaAs, InP, AlGaAs, InGaP, and InGaAsP. There are two options for p-type dopant sources, the 

CBr4 and DMzn. Carbon can be the p-type doping for GaAs material, with a low diffusion length 

during material growth. Carbon-doped GaAs is also favorable for high p-type doping GaAs. 

DMZn is a more adaptable p-type doping source for various materials such as GaAs, InP, InGaP, 

and InGaAsP. The drawback of Zn for p-type doping is the long diffusion length during the 

material growth. 

2.5.3 Temperature 

In contrast to molecular-beam epitaxy (MBE), which relies on elemental sources, MOCVD 

precursors require enough thermal energy to pyrolyze the bonds in the carrier molecule. For this 
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reason, the growth temperature should be such that it provides good precursor decomposition 

efficiency and crystal quality. If one grows in the mass transport limited region, there will 

typically be considerable overlap between the growth and decomposition windows. To achieve 

the highest luminescence efficiency of InAs QDs, MBE initially optimizes the quantity of 

material deposited before iterating through other growth parameters. However, as was previously 

mentioned, the growth temperature for the quantum dot active region in MOCVD should be 

optimized first because the optimal coverage will vary with temperature. This is due to the fact 

that the growth rate is temperature dependent (via the thermal decomposition efficiency of the 

group III precursors). 

In order to achieve appropriate decomposition of the precursors, growth temperatures for 

alloys containing indium in MOCVD are typically between 600 and 650 °C. 

Due to the low density and massive size of the resultant dots, along with their high indium 

concentration, such high growth temperatures are unsuitable for the formation of self-

assembled QDs for laser applications. Additionally, the significant strain associated with these 

dots will act as a powerful driving force for In-Ga interdiffusion during continued subsequent 

growth, making them likely to become faulty after being capped with the matrix material. InAs 

quantum dots must be produced at temperatures comparable to MBE (about 500 °C) to attain 

high material gain for laser applications. 

Due to the inclusion of metal-organic precursor molecules at these relatively low growth 

temperatures, inadequate decomposition of the precursors will result in poor growth rates and a 

decrease in the quality of the material. This is one of the reasons why quantum dot lasers 

produced by MBE are often of higher quality than those produced by MOCVD. The material 

quality would be enhanced, and background carbon doping would be decreased by using 
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TBA precursors, which disintegrate at lower temperatures. However, triethyl indium (TEIn) is 

less stable than TMIn. Therefore, we must continue using TMIn as the precursor for InAs 

development, which restricts us to low-density quantum dots and rather sluggish growth rates. 

Figure 2.10. AFM images with 1 µm × 1 µm scanning shows QD surface 

morphology at (a) 495 °C and (b) 505 °C, indicating that the growth of QDs is 

highly susceptible to growth temperature. 
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According to the analysis mentioned above, the temperature for InAs QD growth is set from 

485 °C to 505 °C. During this temperature range, the QD grown by MOCVD shows a similar 

Figure 2.11. AFM images with 1 µm × 1 µm scanning shows surface morphology of QD 

grown at different V/III of (a) 0.5 and (b) 0.3. 
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level of dot uniformity to MBE-grown QD with a decent dot density. QD growth is susceptible 

to growth temperature, as shown in Fig. 2.10. Even though the temperature variation range is just 

about 30 °C, we find the trade-off between the dot uniformity and dot density. High temperature 

can increase the indium atom surface mobility during QD growth to increase the dot uniformity. 

However, the high surface mobility also means fewer nucleation sites, resulting in low dot 

density. 

2.5.4 V/III 

The group V to group III flow rate ratio is known as the V/III ratio. In our experiment, the 

group V source for QD growth is TBA, and group III is TMIn. The V/III ratio significantly 

influences the QD nucleation process. V/III can also have an impact on the surface adatom 

kinetic process. A low V/III can enhance the adatom surface mobility, which is essential to form 

uniform QD size distribution in our MOCVD growth experiment (V/III is around 0.3 in our 

Figure 2.12. PL spectra of QDs grown under conditions 

with different V/III (a) 0.3 and (b) 0.15. 
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optimized condition). A V/III above 0.5 will result in giant dots or clusters, which prevents 

stacking multi-layers. AFM image of QD grown under growth conditions with only difference in 

V/III has shown in Fig. 2.11. 

Figure 2.13. AFM images with 1 µm × 1 µm scanning shows surface morphology of 

QD growth at different growth rate of (a) 0.5 ML/s and (b) 0.01 ML/s.  
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Even though low V/III enhances surface mobility and increases the uniformity of dot size, 

low V/III also means low group V partial pressure, which is essential to prevent the surface of 

the material during growth. A low V/III can also result in a blueshift of the emission wavelength 

of QD, shown in Fig. 2.12 by the photoluminescence spectra (PL) of QDs growth conditions 

with only difference in V/III. 

2.5.5 Growth rate 

Growth rate plays a similar role with V/III in QD growth. The growth rate has an impact on 

the surface mobility of the group III atom, indium, during InAs QD growth. A high growth rate 

means high indium partial pressure, which can decrease the surface diffusion length during 

growth. As a result, giant dots or clusters can be formed. A low diffusion length can also 

significantly decrease the QD uniformity. We can achieve uniform QD without clusters only 

under a very low growth rate, about 0.01 monolayer per second (ML/s). Fig. 2.13 shows the 

surface morphology of QD growth at a different growth rate of (a) 0.5 ML/s and (b) 0.01 ML/s. 

2.5.6 InAs coverage 

InAs coverage amount has a significant influence on QD density and size. Since QD growth 

is by the Stranski-Krastanov Growth mode, this means QD only appears after the total InAs 

coverage is above the critical thickness. After that, QD density increases from 0 to the order of 

1E10 cm-2. The dot size and density will gradually increase after the InAs coverage increases. 

Figure 2.14 shows the dot density and size change as the InAs coverage increases. 
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Figure 2.14. AFM images with 1 µm × 1 µm scanning shows surface morphology of QD 

growth at different growth rate of (a) 0.5 ML/s and (b) 0.01 ML/s. 
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Chapter 3 

High-performance MOCVD-grown QD laser on GaAs substrate 

This chapter discusses the fundamental basic theory of semiconductor lasers and the whole 

loop of development of InAs/GaAs QD lasers, including whole laser structure material growth, 

device fabrication, metrology, and lifetime validation. 

3.1 Roadmap of semiconductor laser development history 

In 1962, the first early demonstration of semiconduction lasers was based on homojunction 

diodes [73–75], in which the material of the waveguide core layer and the surrounding 

cladding layers are the same. This structure suffers from a meager index difference and zero 

bandgap offset between the core and cladding layer. This results in the semiconductor laser 

having ultra-low performance, such as low-temperature operation and high threshold currents. 

Single-heterojunction lasers were then demonstrated because of the development of the liquid 

phase epitaxy method. These lasers used n-type gallium arsenide layers produced on the 

substrate by LPE over p-type aluminum gallium arsenide injectors. Aluminum was added to the 

semiconductor crystal to replace gallium, which increased the bandgap of the p-type injector 

relative to the n-type layers below it. The bandgap offset and index difference improved the laser 

diode performance in the threshold current, but the laser can still work in low-temperature 

conditions. 

Double-heterostructure (DH) semiconductor lasers enabled the first semiconductor laser to 

operate at room temperature [76,77]. Two layers of high bandgap material and one layer of low 

bandgap material make up DH lasers. Utilized material pairs include gallium arsenide (GaAs) 

and aluminum gallium arsenide. Because each intersection of different bandgap materials is 
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referred to as a heterostructure, the DH laser is given this name. A DH laser has the advantage of 

limiting the active zone, where free electrons and holes coexist simultaneously, to the thinnest 

layer of the intermediate layer. Because fewer electron-hole pairs are left in the active region, so 

more electron-hole pairs can contribute to stimulated emission. The heterojunction, where 

stimulated emission occurs, also confines light due to the index difference with surrounding 

layers. 

The semiconductor laser performance was improved significantly after the first 

demonstration of QW lasers [78–84]. The transition from DH laser to QW laser is that the 

intermediate layer becomes sufficiently thin to function as a quantum well, which was enabled 

by the development of material epitaxy methods such as MBE or MOCVD technology. Because 

of the quantum well structure, the electron's wavefunction's vertical variation, and consequently 

a part of its energy, is quantized. Because of the sharp edge in the electron density of states 

functions in the quantum well system, which concentrates electrons in energy states that 

contribute to the material gain of the active region. This enables QW laser performance to 

improve scientifically than bulk lasers. The multi-QW laser that contains more than one QW in 

the active region was then invented to increase the overlap of the QW region with the optical 

waveguide mode, further improving the QW laser performance. 

The next generation of the semiconductor laser is the Quantum dot laser, which was first 

hypothesized in 1982 [85]. Quantum dot has a three-dimension carrier confinement compared 

with the QW laser, where the carriers have quantum confinement in one dimension. As described 

in the second chapter, quantum dot lasers have exhibited several performance benefits over 

quantum well devices, including lower threshold currents, higher temperature operation, 

enhanced stability against optical feedback, decreased crystalline defect sensitivity, ultrafast gain 
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dynamics [55–59,86], and mode-locked lasers (MLL) [87–90]. These benefits result from the 

discrete state density and inhomogeneously expanded gain spectra. 

3.2 The basic principle of Semiconductor lasers 

The emission principle in the semiconductor laser is stimulated emission, which is different 

from the light-emitting diode (LED), whose emission is based on spontaneous emission. As for 

lasers, electron-hole recombination photons must be confined in a resonant cavity with feedback 

from mirrors or other grating structures that can produce reflections in semiconductor lasers [91]. 

The injected carriers (electrons and holes) are recombined in the quantum wells and emit 

photons. When the population of photons reaches a particular threshold, the created photons will 

compel more photons to be released owing to population inversion, and the stimulated emission 

becomes dominant. 

Low index layers should sandwich the active region to confine the light to form a waveguide 

structure. Separated confining heterostructure (SCH) surrounding the active region is commonly 

used. There will always be a certain degree of optical loss because of the properties of the 

absorption loss (dopants, bandgaps) [92–95], scattering loss (sidewall roughness) [96]. The gain 

will exceed the loss as the current keeps rising and more carriers are pushed in. The threshold 

condition is the point at which gain exceeds loss. The cavity is absorbing and not transparent 

when the current density is below the threshold. 

Some basic parameters about semiconductor lasers will be introduced in the following parts. 

Optical internal loss, αi, is the parameter to quantify the optical loss due to the laser material 

within the cavity. There are mainly two parts that contribute to the internal optical loss. The first 

is the absorption loss, which comes from the bandgap and free-carrier absorption due to the 
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doping in the cladding layers. Regularly, the p-type carrier absorption is much higher than the n-

type carrier absorption [97,98]. 

Mirror loss, αm, is the parameter to quantify the cavity loss due to photons escaping from the 

mirror. Mirror loss is a concept relative to the cavity quality factor, not an actual loss, because 

the parts of photons escaping from the cavity become the laser output. For typical Fabry-Perot 

(FP) cavity lasers, the mirror loss can be defined in the following equation [91]: 

α𝑚 =
1

2𝐿
𝐿𝑛

1

𝑅1𝑅2
. 3.1 

L is the cavity length; R1 and R2 are the reflectivities at the two mirrors. The laser threshold 

condition is that modal gain is equal to the total optical loss, which is described in the following 

equation: 

Γ𝑔𝑡ℎ = 𝛼𝑖 + 𝛼𝑚. 3.2 

Here, Г is called the optical confinement factor, which quantifies the overlap of the optical 

mode with the gain area in the active region. From this equation, we realize that decreasing the 

optical loss and increasing the optical confinement factor decreases the threshold current. As for 

the mirror loss, there is a trade-off relationship between the output power and the threshold 

current. For example, a shallow mirror loss can decrease the threshold current and sacrifice the 

total energy efficiency because most photons will be confined within the cavity. 

The carrier and photon dynamics in the laser cavity can be described in the rate equation 

[91]: 

𝑑𝑁

𝑑𝑡
=
𝜂𝑖𝐼

𝑞𝑉
−
𝑁

𝜏
− 𝑉𝑔𝑔𝑁𝑝, 3.3

𝑑𝑁𝑝

𝑑𝑡
= Γ𝑉𝑔𝑔𝑁𝑃 + Γ𝛽𝑠𝑝𝑅𝑠𝑝 −

𝑁𝑝

𝜏𝑝
. 3.4
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Eq. 3.3 is the rate equation for the carriers. N is the carrier density in the active region. ηi is 

the injection efficiency, representing the percentage of terminal current that produces carriers in 

the active region. It is crucial to understand that this definition encompasses all carriers injected 

into the active region, not simply those that generate radiative recombination. I is the injection 

current, and q is the charge of an individual electron. V is the volume of the active region. τ is 

the carrier lifetime, counting the impact of spontaneous emission,  nonradiative recombination, 

and carrier leakage. Vg is the group velocity in the laser cavity. g is the gain rate of the active 

region. Eq. 3.4 is the rate equation for the photon density. Np is the photon density in the active 

region. The percentage of the total spontaneous emission coupled into the lasing mode is known 

as the spontaneous emission factor, βsp. τp is the photon lifetime, representing the rate of 

consumption of photons by the internal loss and the mirror loss for the cavity. 

According to the rate equation of semiconductor lasers, the carrier density, photon density, 

and gain will collapse at their threshold value as long as the laser is lasing or operating above the 

threshold current. The steady-state gain of a laser operating above the threshold must coincide 

with the threshold value. If the gain were more than the threshold gain, which is impossible in 

the steady state, the field amplitude would continue to grow without bounds. Additionally, 

because of the monotonic relationship between the gain and carrier density, the carrier density 

must clamp at its threshold value. In practice, when the current is raised to a value above the 

threshold, and the photon density rises, the carrier density and gain first climb above their 

threshold levels (on a millisecond scale). A drop follows the increase in stimulated 

recombination in carrier density and gain, which continues until a new steady-state dynamic 

equilibrium is attained. In other words, the accelerated recombination term consumes every 
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additional carrier injection above the threshold. The feedback effect causes the carrier density to 

clamp, keeping the gain constant at the threshold value. 

According to the rate equation, the output power verse injection current relationship can also 

be derived in terms of the following equation, 

𝑃𝑜 = 𝜂𝑑
ℎ𝜈

𝑞
(𝐼 − 𝐼𝑡ℎ), (𝐼 > 𝐼𝑡ℎ) 3.5 

The differential efficiency ηd is defined by 

𝜂𝑑 = 𝜂𝑖
𝛼𝑚

𝛼𝑚 + 𝛼𝑖
. 3.6 

Below threshold current, the relationship is identical to LED, as shown in the following 

equation, 

𝑃𝑜 = 𝜂𝑟𝜂𝑖
𝛼𝑚

𝛼𝑚 + 𝛼𝑖

ℎ𝜈

𝑞
𝛽𝑠𝑝𝐼. 3.7 

The P-I curve is essential for laser characterization to extract the critical parameters of lasers, 

such as internal loss αi and injection efficiency ηi. Two or more lasers of various lengths can be 

made from the same material and equipped with similar mirrors to measure these crucial internal 

properties. This is relatively simple for in-plane lasers because the length may change at the very 

end when cleaving. According to Eq. 3.1, Eq. 3.5 and Eq. 3.6., 

𝜂𝑑 =
𝜂𝑖 ln (

1
𝑅1𝑅2

)

2𝐿𝛼𝑖 + ln (
1

𝑅1𝑅2
)
, 3.8 

and 

𝜂𝑑
′ =

𝜂𝑖 ln (
1

𝑅1𝑅2
)

2𝐿′𝛼𝑖 + ln (
1

𝑅1𝑅2
)
, 3.9 

where we have two laser cavity lengths, L and L’. Thus, we can find 
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𝛼𝑖 =
𝜂𝑑
′ − 𝜂𝑑

2𝐿𝜂𝑑 − 2𝐿′𝜂𝑑
′ ln (

1

𝑅1𝑅2
) , 3.10 

And 

𝜂𝑖 = 𝜂𝑑𝜂𝑑
′

𝐿 − 𝐿′

𝐿𝜂𝑑 − 𝐿′𝜂𝑑
′ . 3.11 

These two equations will provide the appropriate internal parameters if it is possible to 

create two identical lasers other than in terms of length. However, the value of these 

statements is generally constrained by the degree of uncertainty in experimental data. 

Plotting multiple data points on a graph and identifying the unknowns by fitting a curve to 

the data often results in higher dependability. Plotting the reciprocal of the measured 

differential efficiencies versus laser length L is the most practical option, as shown in the 

following equation, 

1

𝜂𝑑
=

2𝛼𝑖

𝜂𝑖 ln (
1

𝑅1𝑅2
)
𝐿 +

1

𝜂𝑖
. 3.12 

As a result, the injection efficiency can be extracted from the intercept of the curve, and 

then the internal loss can be calculated according to the slope of the curve. 

Another important metric for semiconductor lasers is the characteristic temperature, 

representing the changing threshold current with the temperature. Since most critical 

physic process determining the threshold current, such as gain, absorption loss, current 

leakage, and auger recombination, has exponential temperature dependence, the threshold 

current also can be approximately expressed in exponential temperature dependence in 

the following equation, 

𝐼𝑡ℎ = 𝐼0𝑒
𝑇
𝑇0
⁄ . 3.13 
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Here, Ith is the threshold current; T is the temperature; T0 is the characteristic 

temperature. 

3.3 Quantum dot laser structure layer stack design 

Quantum dot laser has QD as the gain medium in the active region, as described in the 

previous chapter. The complete laser layer stack is shown in Fig. 3.1. The complete QD laser 

material is grown by a horizontal reactor MOCVD system on a (001) semi-insulating GaAs 

wafer. The active region contains five layers of undoped dots-in-a-well (DWELL) structure. Two 

75-nm-GaAs layers surrounding the active region are the separate confinement heterostructure 

layers. The cladding layer is chosen InGaP, and the thickness of the InGaP cladding layer is 1.3 

Figure 3.1. Material structure of full laser growth. 
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µm for both the top cladding layer and the bottom cladding layer. The 1.3 µm thickness is 

chosen to ensure enough separation between the QD active region and the GaAs top contact and 

bottom contact. Therefore, this ensures enough optical confinement factor for the active region. 

Compared with the most reported QD laser structure, the most distinguished character is the 

InGaP material for the cladding layers, rather than AlGaAs, which is widely used as the cladding 

layer for MBE-grown QD laser. Nevertheless, AlGaAs usually requires high growth temperature 

(typically well above 700 °C) by MOCVD [99–101], and such a high growth temperature will 

result in a strong blueshift of QD emission [102]. Conversely, GaAs lattice matched InGaP, with 

a suitable refractive index and bandgap, can be grown by MOCVD below 580 °C to replace 

AlGaAs as the cladding layer [103]. Besides, InGaP/GaAs material system also has the 

advantage over the AlGaAs/GaAs by avoiding aluminum oxidation during fabrication so that 

regrowth is applicable to form buried gratings for DFB lasers or more advanced photonic 

integrated circuit structures, which would boost the application of QD lasers in data 

communication.  
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3.4 MOCVD growth of InGaP cladding layer 

Avoiding the phase separation phenomenon for MOCVD growth of thick InGaP is not trivial 

[104–106]. This results in composition fluctuation and clusters at the surface, increasing surface 

roughness. Following systematic calibration growths, we have found that the growth temperature 

is critical for avoiding phase separation, as shown in Fig. 3.2. We found that the high quality of 

the thick InGaP layer is only favored at low temperature (below 580 °C). At high temperatures 

Figure 3.2. Optical microscope shown the influence of temperature on the surface 

quality of 1 µm thick InGaP grown on GaAs wafer by MOCVD. 
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above 600 °C, we find many optical defects on the surface due to phase separation in the InGaP. 

Figure 3.3. TEM top view of the surface morphology of the defects caused by 

InGaP phase separation. 

Figure 3.4. TEM cross section of the defects caused by InGaP phase separation. 
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Transmission electron microscopy (TEM) image shows the surface defects morphology caused 

by phase separation in InGaP in Fig. 3.3. The cross-section of the InGaP phase separation is 

shown in Fig. 3.4, in which the contrast of the image shows apparent indium composition 

variation. 

High quality of thick InGaP grown on GaAs wafers has been demonstrated under low 

temperatures. The clear atomic layer step in the AFM image indicates the high quality of 

material growth, and the surface roughness is just 0.9 nm for 1.3 µm InGaP grown under 580 °C. 

Figure 3.5 AFM image of surface of 1.3 µm InGaP grown on GaAs wafer under 580 

°C. The low roughness and the clear atomic step layer indicate high material quality.  
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3.5 Suppression of InGaP phase separation due to V-shaped defects in QD 

In the previous section, InGaP phase separation phenomena is mainly researched on the 

influence of the growth temperature. The experiment results reveal that a low growth 

temperature is critical in suppressing phase separation. However, in developing the complete 

laser material growth structure, we found that severe InGaP phase separation can occur for the 

top cladding layer even under growth conditions that could well suppress the phase separation in 

InGaP on GaAs calibration growth. The V-shape defects generated in the QD active region can 

result in InGaP phase separation, as shown in the following TEM image. From this TEM image, 

Figure 3.6. TEM cross-section image shows InGaP phase separation caused by V-shape 

generated in the QD active region. 
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the distance between two V-shape defects is just several hundred nanometers, indicating a high 

density of defects. The surface of this sample after upper InGaP cladding layer growth shows a 

highly rough surface and a significant number of large surface defects. Suppressing the V-shape 

defects in the QD active region is essential to obtain high epitaxial layer quality for laser material 

growth. 

V-shape defects are a type of crystalline defects that can occur during the growth of InAs 

QDs. These defects have a "V" shape and can significantly impact the electronic and optical 

properties of the QDs, such as altering their absorption and emission spectra, reducing their 

quantum efficiency, and perturbing the electron energy level structure. The formation of V-shape 

defects in InAs QDs can be attributed to the excessive strain induced by InAs QDs [107]. A 

cross-section TEM of the V-shape defect is shown in Fig. 3.7. This QD active region contains 

five layers of QDs, and the V-shape defect typically generates in the third or latter layer. The V-

Figure 3.7.  Cross-section TEM of the V-shape defects in the QD active region. 
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shape defect compromises several stacking faults and threading dislocations. The contrast in the 

TEM image indicates that the strain is much more muscular in the region near the V-shape 

defect. All these indicate the generation of V-shape defects resulting from a high strain 

accumulation due to QD, especially after stacking three layers. According to these, decreasing 

the strain induced by the QD is essential to minimize the generation of V-shaped defects. As a 

result, we decrease the coverage of the InAs QD deposition amount from 3 ML to 2.6 ML, and 

the generation of V-shape defects is significantly suppressed.  

3.6 Whole laser structure growth and material characterization 

Another point of consideration for whole laser structure growth is the temperature for the 

upper cladding layers. The InGaP is optimized at 580 °C and has demonstrated low surface 

Figure 3.8. TEM shows that the V-shaped defects generation and InGaP phase 

separation is suppressed. 
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roughness. However, such a high-growth temperature cannot apply to the upper cladding layer 

Figure 3.10. PL characterization of the whole laser structure material and a QD 

calibration structure. 

Figure 3.9. A 1 μm × 1 μm AFM scanning of the surface of 1.3 µm thick 

InGaP grown on GaAs under 550 °C. 
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because it will anneal the QDs during the growth of the upper cladding layer. As a result, the 

QDs in the active region will transform, and the emission wavelength will show an apparent blue 

shift. Low temperature (below 580 °C) growth upper cladding layer is essential for high QD 

laser performance. 1.3 µm thick InGaP calibration growth under 550 °has been conducted, and a 

Figure 3.11. A 1 μm × 1 μm AFM scanning of the single-layer QD calibration growth. 

Figure 3.12. XRD characterization of the whole laser structure. 
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1 μm × 1 μm AFM scanning was performed to show a surface roughness of about 1.2 nm, 

illustrated in Fig. 3.9. The roughness is slightly higher than InGaP grown under 580 °C but is 

still low enough for the following GaAs contact growth and fabrication. 

The whole laser stack structure is shown in Fig. 3.1. Room temperature PL spectra are 

performed to characterize the laser material as shown in Fig. 3.10. The active region contains 

five layers of QDs. The intensity of the peak of the whole laser material is about three times that 

of a single QD layer calibration structure. The peak wavelength of the whole laser structure also 

has a slight blue shift due to the additional inhomogeneity of QD size from the stacking of multi-

layer of QDs. The QD growth condition in the whole laser material structure is the same as the 

single-layer QD calibration structure, which shows highly uniform QDs from the AFM image in 

Fig. 3.11, and the density of QD is about 5.5E10 cm-2. XRD was conducted to characterize the 

whole laser structure, illustrated in Fig. 3.12. Clear InGaP peaks and the set of InGaAs/GaAs 

multi-layer peaks confirm excellent material quality. 

3.7 Fabrication of QD lasers 

The MOCVD-grown QD laser material was fabricated into Fabry-Perot (FP) cavity lasers 

with deep-etched ridge structures. Co-planar n- and p- contact structure was chosen for the 

convenience of metrology. The whole process flow is shown in Fig. 3.13. 
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A metal layer stack of Ti/Pt/Au was first deposited on the top by the lift-off process to form 

strips by Electron Beam Evaporation as the p- contact metal. Fig. 3.14 shows the sample surface 

(a) (b) (c) (d)

(h)(e) (f) (g)

Figure 3.13 Fabrication process flow for the FP cavity laser diodes. 

Figure 3.14 Optical microscope of the sample after p-contact metal lift-off process. 
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with the p-contact metal strip. Then, the surface was passivated by silicon nitride (SiN) and 

silicon dioxide (SiO2) dielectric layer stack. SiN was first deposited because of its excellent 

adhesion properties, and the SiO2 is utilized as the hard mask for the following dry etching step. 

The hard mask was patterned by optical lithography and Inductively Coupled Plasma (ICP) 

etching with the etchants of CF4 and CHF3. The hard mask should be in a strip structure and 

broader than the p-contact metal to ensure the metal is fully covered. This is critical since any 

exposed metal will be sputtered and cause rough semiconductor etching in the dry etching step of 

the ridge. 

After the hard mask definition, the sample was put into an ICP chamber for ridge etch. The 

etchants of ICP dry etching of semiconductor material contain Cl2, H2, and Ar. The Cl2 can have 

both chemical and physical interaction with the semiconductor, and the Ar can provide additional 

Figure 3.15 The cross-section SEM image of the ridge after ICP etching. 



 

52 

 

physical etching to balance the total chemical and physical etching effect to generate a smooth 

etching field and sidewall. The effect of H2 is the passivation gas, which can ensure a vertical 

sidewall after etching. A critical parameter of this etching is the temperature. The cladding layer 

of this laser structure is InGaP, and the product of the etching of InGaP by Cl2 (Indium Chloride) 

is in a solid state at room temperature, which can significantly increase the roughness of the field 

and the sidewall roughness. Therefore, the etching has to be conducted under a high temperature 

(200 °C) in our experiment. Fig. 3.15 shows a smooth sidewall of the ridge after the ICP etching. 

(a) Before HCl wet etching

(b) After HCl wet etching

Figure 3.16 Sample Field surface before (a) and after (b) HCl wet etching. 
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The kink at the interface between the InGaP cladding layer and the QD active region is due to the 

different chemical etching properties between InGaP and GaAs. After the ICP dry etching, 

selective wet etching is required to etch the residual InGaP further and ensure termination at the 

surface-GaAs contact layer. Hydrochloric acid was chosen as the etchant because of its high 

etching selectivity on InGaP over GaAs. Prior to the wet etching, a photoresist was defined to 

cover the ridge by a lithography process to protect the ridge sidewall. The selective wet etching 

brings the additional benefit of polishing the field surface, which favors ohmic contact formation 

for the n-contact. Fig. 3.16 shows the sample surface before and after HCl wet etching. The 

bumps induced by surface defects after etching were effectively removed.  

Then the n-contact metal was deposited with the Ni/AuGe/Ni/Au layer stack by electron 

beam evaporation. A rapid thermal annealing process was performed to form an ohmic contact. 

After that, the surface is passivated by multi-dielectric layers. 4 nm thick Al2O3 and 20 nm SiO2 

were first deposited in atomic layer deposition (ALD). The reason for utilizing ALD is to ensure 

Figure 3.17. Current injection via opened on the n-contact metal and ridge. 
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excellent sidewall coverage. Then, alternative silicon nitride and silicon oxide layer stacks were 

deposited with a total thickness of 400 nm. The alternative dielectric layer structure is for stress 

compensation to avoid cracking. After the surface passivation, the current injection window was 

opened to expose the n- and p- contact metal, as shown in Fig. 3.17. Then, a thick Ti/Au layer 

stack was deposited by a lift-off process to form the probe pad, illustrated in Fig. 3.18. Then the 

Figure 3.18. Probe metal pad formed on the sample surface. 

Figure 3.19. Cross-section of the SEM image of laser facet after cleaving. 
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sample was thinned down to 100 µm. The sample was finally cleaved into different lengths of 

laser bars. Fig. 3.19 shows an SEM cross-section of the laser facet.  

3.8 QD laser device performance 

Continuous wave (CW) operation and room temperature characterization were conducted by 

mounting the laser bars on ceramic (AlN) carriers. The light-current-voltage (LIV) curves were 

measured for different dimensions for Fabry-Perot (FP) lasers. There is no facet coating applied 

to the FP lasers. The broad-area lasers (11 µm or 21 µm wide) show a high output power of 

about 200 mW. The maximum power can be higher because the maximum injection current is 

just 1 A for the current source. The threshold current of the 21 µm × 2 mm laser is about 67 mA, 

indicating a threshold current density of 160 A/cm-2
. Besides, the short narrow-ridge laser with a 

Figure 3.20. LIV curve of Fabry-Perot lasers with various widths and lengths  
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dimension of 3 µm × 700 µm shows an excellent wall-plug efficiency (WPE) with the LIV in the 

Figure 3.21. Reciprocal of measured differential efficiency versus cavity length. 

Figure 3.22. LIV curve of the broad area laser at different temperatures. 
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inset of Fig. 3.20. This narrow-ridge laser shows a low threshold current, just eight mA, and a 

high maximum WPE about 30%. 

QD lasers with different cavity lengths were made (the ridge width is 3 µm) and measured 

the differential efficiency. According to Eq. 3.12, the injection efficiency and the internal optical 

loss are about 60% and 2.4 cm-1, respectively, in Fig. 3.21.  

The thermal performance of the broad area laser with a dimension of 21 µm × 2000 µm was 

characterized. The LIV curves were measured at different temperatures from 20 °C to 90 °C. The 

QD laser still performs well with an output power of about 50 mW at 90 °C, where the setup 

limits the maximum measurement temperature. The threshold current at different temperatures is 

Figure 3.23. The threshold current density of the broad area laser measured under 

different stage temperature.  
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shown in Fig. 3.23. The characteristic temperature is about 112 K from room temperature to 

50 °C and is about 65 K from 50 °C to 90 °C. 

3.9 The lifetime of QD laser 

Lifetime is a critical metric to justify practical applications for QD lasers. Here we performed 

an aging test for two QD lasers in the same dimension of 3 µm × 2000 µm under 30 °C and 60 

°C, respectively. The threshold current was monitored every fifty hours, and the total aging time 

was 1600 hours. One widely accepted definition of semiconductor lasers is the length of time 
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Figure 3.24. Aging test of the two QD lasers under two different temperatures. 
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that the threshold current doubles. The relationship between threshold current and the aging time 

follows the power law formula. The threshold current of the device aging at 30 °C decreases at 

the initial burn-in phase and becomes stable over the whole aging time of 1600 hours. This 

indicates a significantly high lifetime, which cannot be extracted from the current data by the 

power-law formula; The device aging at 60 °C shows a dramatic increase in the threshold 

current, and then the threshold current follows a power-law formula relationship with the aging 

time. The extracted lifetime at 60 °C is about 4.5 million hours.  

In this thesis, the QD laser on GaAs has demonstrated high wall-plug efficiency of about 

30%, which is compatible with the state-of-the-art QD laser performance for uncoated Fabry-

Perot cavity laser [108,109]. Applying facet coating should bring higher wall-plug efficiency and 

lower threshold current density. The injection efficiency is relatively low (60%), and the reason 

might be that the carrier confinement (especially for the hole) is not enough for the InGaP 

cladding layer because of the relatively small bandgap offset between InGaP and GaAs for the 

valence band. What should be highlighted is that this is the first report of a high lifetime of 

MOCVD-grown QD laser at a high temperature. 
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Chapter 4 

MOCVD-grown QD laser on Si for laser integration 

4.1 Review of laser integration on Si 

Silicon photonics is to integrate different functional optical components on the Si platform to 

manipulate light to transmit information at high speeds and over long distances. However, due to 

the indirect band structure of Si, it is not a suitable platform for forming light sources such as 

lasers [110,111]. Integrating lasers with silicon photonics allows for a more compact, efficient, 

and cost-effective solution for optical communications [112–114], sensing [115–118], and other 

applications [119]. There are generally four categories of laser integration for silicon photonics: 

discrete laser device integration, hybrid laser integration, heterogenous laser integration, and 

direct hetero-epitaxy. 

 Discrete laser integration involves assembling discrete laser diodes and silicon photonic 

chips, which are mounted on separate platforms before assembling them [120], as shown in Fig. 

4.1. The achievement of high coupling efficiency relies on alignment controlling. It requires 

specific coupler designs on the silicon photonic chip, such as edge couplers or surface grating 

couplers [121]. Besides, other optical components such as collimation lenses and isolators could 

also be added between the laser diodes and si photonic chips. Discrete laser integration is the 

most straightforward method and has the advantage of pre-validation of the laser device to 

achieve high yield and performance. However, the disadvantage of discrete laser integration is 

the expensive and time-consuming process of assembling, which prevents the scaling up of Si 

photonics manufacturing and weaken the cost advantage of Si photonics. 
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Hybrid integration can integrate fully processed III-V devices, such as laser chips, into 

silicon and silicon nitride PICs [121–125]. The processed laser diode chips can be placed either 

adjacent to the PIC or directly on the surface of the PIC. The benefit of using this integration 

technique is the ability to test and describe the device before beginning the integration process, 

just as discrete integration. This boosts yield and makes it possible to tighten performance 

management by enabling the selection of the best-performing devices and the discarding of non-

functional components. Because the photonic components that must be integrated into the 

photonic circuit can be chosen individually, hybrid integration is also particularly appealing for 

small-scale production and custom circuits. The assembly for the hybrid integration approach is 

often large, a drawback of hybrid integration. The serial alignment and integration of photonic 

devices, which involves one or more devices at a time, can be laborious and therefore have low 

throughput. This lessens the appeal of this technique for PIC chips in very high volumes (such as 

might be required for low-cost mass-market consumer electronics) compared to other methods, 

Figure 4.1. The diagram of discrete laser integration, where the semiconductor lasers 

and the photonic integrated circuits are mounted on different submout [120]. 
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such as heterogeneous integration. Due to the relatively poor heat conductivity of the buried 

oxide, this strategy not only consumes a sizable amount of on-chip space but also presents 

difficulties in cooling the III-V devices through the underlying silicon-on-insulator (SOI) 

substrate, due to the relatively poor heat conductivity of the buried oxide. 

Heterogeneous integration integrates different material technologies into a single chip, 

usually during the early or middle stages of chip fabrication. This technique has been heavily 

researched, particularly for integrating III-V material into silicon or silicon nitride photonic 

Figure 4.2. Diagram of the concept of hybrid integration, where the die of 

semiconductor laser is placed on the top of photonic integrated circuits. The coupler can be 

(a) grating coupler and (b) edge coupler [125]. 
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integrated circuits [126–130]. When switching between various waveguide material 

technologies, heterogeneous integration offers advantages such as functionality similar to 

monolithic integration, resulting in high alignment accuracy and low losses. The process also 

ensures the reliable performance of the integrated photonic elements and is cost-effective due to 

the economy of scale, making it suitable for high-volume applications. However, heterogeneous 

integration requires ultra-clean and smooth surfaces, which can be challenging in university 

research facilities, although this is not an issue in semiconductor foundries. In addition, the die-

(b)

(a)

Figure 4.3. (a) Optical system based on photonic integrated circuit with 

heterogeneously integrated lasers [125]. (b) cross-section view of the heterogeneously 

integrated lasers [136]. 
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to-wafer bonding process used in heterogeneous integration does not allow for modular testing of 

   

   

   

Figure 4.4 (a) diagram for direct epitaxy of III-V semiconductor lasers on Si wafer 

[137]; (b) the concept of selective grown of QD laser on SOI wafer and evanescent-

wave coupling of the light into Si waveguide [131]; (c) the concept of direct epitaxy of 

III-V material on Si wafer and then achieve active-passive integration on the III-V 

platform to form comprehensive photonic integrated circuits [33]. 
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individual components before integration into more complex PICs, and the process requires tight 

control to improve yield. Another challenge for heterogeneous integration is the size mismatch 

between the III-V material and the Si. For example, the III-V material wafer is regularly four 

inches or six inches for the current compound semiconductor foundry, while the Si wafer can be 

as large as twelve inches. This mismatch of wafer size between III-V and Si also decreases the 

yield of the usage of III-V material and the scalability of Si photonics manufacturing. Besides, 

the III-V substrate is regularly orders of magnitude more expensive than the Si substrate in the 

unit area, limiting the appeal of lost cost for heterogeneous integration. 

To overcome the substrate size mismatch between Si and III-V, direct hetero-epitaxy of III-V 

on Si can probably be a promising solution. This method can provide monolithic laser sources on 

Si for laser integration and also take the benefit of CMOS manufacture for large-scale 

fabrication. Several technologies have been researched to suppress the generation of defects 

during the heteroepitaxy and apply defects-defensive active regions (QD), as shown in Fig. 4.4a 

[62,63,65]. In recent years, significant progress has been made in the performance of QD lasers 

on Si wafers. To form comprehensive photonic integrated circuits, selective growth can be 

conducted for the growth of QD laser on the top of SOI. The light can be coupled into the Si 

waveguide on the SOI platform through the evanescent wave, as shown in Fig. 4.4b [131]. 

Another way to form comprehensive photonic integrated circuits is to achieve active-passive 

integration by using the III-V on the Si platform to form every component, such as lasers, 

modulators, and detectors, as shown in Fig. 4.4c [33]. 

4.2 GaAs on Si template development 

Semiconductor lasers formed by direct epitaxy of III-V on Si have historically 

underperformed compared to semiconductor lasers grown on their native substrates due to a high 
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density of defects generation during the epitaxy [131,132]. One of the reasons for this is the 

significant mismatch in the lattice constant of III-V materials. The lattice constant of silicon is 

approximately 5.43 Å, while the lattice constants of III-V materials are generally smaller, 

ranging from 3.26 Å for GaAs to 5.87 Å for InP. The second reason is the mismatch in their 

coefficients of thermal expansion. The thermal expansion coefficient of GaAs is approximately 

5.8E-6 K-1, while that of Si is approximately 2.6E-6 K-1. This means that GaAs would expand 

two times more than Si when heated. Last, because GaAs are polar compounds while Group IV 

materials are nonpolar, this can lead to antiphase boundaries (APBs) forming when GaAs and Si 

material sublattices are misaligned, particularly across single atomic steps. Overcoming each of 

these mismatches is necessary to achieve good device performance. 

4.2.1 V-groove on Si and GaP-on-Si growth to avoid APBs  

Decades ago, the problem of antiphase boundaries (APBs) was mainly resolved by using 

miscut Si substrates that preferentially created double atomic steps on their surface. In the 

epitaxy of III-V materials on Si, Group V species always preferentially nucleate on the Si 

surface and terminate at one monolayer, which means that APBs only form at single atomic 

steps on the Si surface. Therefore, APBs are absent when there are no single steps present. 

However, miscut Si is incompatible with complementary metal-oxide-semiconductor 

(CMOS), which is highly desirable for photonic integration. The need for a CMOS-

compatible Si substrate without APBs has recently driven research in III-V/Si epitaxy. APBs 

on CMOS-compatible Si substrate without miscut can be achieved by V-groove structure on 

Si or GaP-on-Si method because the double-layer atomic step can be formed in the nano 

trench of the V-groove structure or a high-temperature surface passivation step in the GaP-
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on-Si formation process. In this thesis work, we have explored both methods and achieved 

high-quality (bare APBs) GaAs growth on Si. 

The process of forming the V-groove structure was initiated by carving [110]-aligned 

nano-trenches with a 70 nm aperture and 60-nm-wide SiO2 stripes on an on-axis Si (001) 

substrate through the use of patterning and dry-etching techniques. Subsequently, the wafer 

was dipped in 1% dilute hydrofluoric acid to get rid of the native oxide. After that, v-grooves 

were established using a 45% dilute potassium hydroxide (KOH) etching solution for 30 s, 

then plunged into a 10% hydrochloride (HCl) solution for 60 s to wipe out the KOH 

residuals. An HF dip was then applied to remove the oxide stripes [132]. A sketch depicting 

the resulting GaAs-on-V-groove patterned Si is shown in Fig. 4.5. 

Figure 4.5. Structure of V-groove on Si 
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A simple one-step growth method was adopted to prevent the occurrence of planar 

Roughness  1.0 nm

(a)

(b)
TDD  9E8 cm 2

Figure 4.6. (a) A 50 x 50 µm² AFM scanning of the GoVS structure with 800 nm 

GaAs grown on Si, revealing a roughness of 1 nm. (b) a 7.25 x 7.25 µm² ECCI scanning 

of the surface of 800 nm GaAs GoVS sample and the TDD is about 4.7E8 cm-2. 
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defects resulting from SiO2/GaAs interfaces, referring to the growth of GaAs layers at 

various temperatures in one run on the V-grooved Si. The material growth was performed 

under a pressure of 50 Torr, starting with annealing the V-grooved Si at 815 °C in an H2 

environment to desorb the native oxide. The reactor was subsequently cooled under arsenic 

overpressure for Si surface passivation. Next, a thin low-temperature (LT) GaAs wetting 

layer was grown at 400 °C, followed by a middle-temperature (MT) GaAs layer at 550 °C, 

and then a thick high-temperature (HT) GaAs buffer was grown at 630 °C. The surface 

morphology of the GaAs-on-V-groove-Si (GoVs) was evaluated using a 50 x 50 µm² atomic 

force microscopy (AFM) scan, as illustrated in Fig. 4.6(a). The surface roughness was 

significantly reduced using the one-step method, and most pinholes and pits were eliminated, 

resulting in a root-mean-square (RMS) value as low as 1 nm, as shown in Fig. 4.6(a). An 

electron channeling contrast imaging (ECCI) shows a threading dislocation density of about 

9E8 cm-2, as shown in Fig. 4.6(b). APBs generation has been well suppressed, indicated by 

the AFM and ECCI characterizations. 

4.2.2 TDD reduction by thermal annealing cycle and strain layer superlattice 

The lattice-constant mismatch between III-V semiconductors and Si substrates results in 

a buildup of stress in the first few pseudomorphic layers of material growth, leading to 

relaxation above a certain thickness. Misfit dislocations, which are lines of abnormal bonding 

at the interface, are formed, and they either terminate at the wafer's edge or turn up towards 

the growth interface to create threading dislocations (TDs). In areas where the distance to the 

sample edge is much greater than the distance to the epi surface, misfits tend to produce TDs. 

TDs contain trap states that act as nonradiative recombination centers, resulting in reduced 

device performance and lifetime due to recombination-enhanced dislocation climb. As a 
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result, III-V photonic devices grown on Si substrates generally have lower internal 

efficiencies and shorter lifetimes. Addressing TDs has been the primary focus of III-V/Si 

growth research. 

Thermal cycle annealing (TCA) is a technique that can be used to reduce threading 

dislocations [33,131,132], involving heating and cooling the sample several times in a 

specific temperature range to promote the annihilation of threading dislocations. When the 

sample is heated, the atoms in the crystal lattice become more mobile, and dislocations can 

move and coalesce. When the sample is rapidly cooled, the dislocations are "frozen" in their 

new positions, and the defects are reduced. In this work, ten TCAs were conducted from 750 

°C and 350 °C, which reduced TDD two-fold. 

Figure 4.7. Schematic illustration of the whole layer stack of the GoVS. 
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Strain layer superlattice (SLS) is an effective dislocation filter in the hetero-epitaxy of 

GaAs on silicon (Si) [131,132]. SLS structures consist of alternating layers of strained and 

unstrained materials, resulting in a superlattice structure. InGaAs/GaAs are the typical 

alternating layers for the SLS dislocation filter for the hetero-epitaxy of GaAs on Si. The use 

(a)

(b)

TDD  4E6 cm 2

TDD  5E7 cm 2

Figure 4.8. ECCI of the GoVS after the first two SLSs (a) and after the last two SLSs (b).  
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of SLS structures as dislocation filters in GaAs grown on Si is based on the principle of 

dislocation blocking. Dislocations propagate from the substrate into the GaAs film until they 

encounter an interface that is a barrier to their motion. The SLS structures act as barriers to 

dislocation motion and effectively block the propagation of dislocations into the GaAs film. 

As a result, the density of dislocations in the GaAs film is reduced. Each SLS comprises ten 

pairs of InGaAs/GaAs thin layer structures in this work. Four SLSs were applied, and 

adjacent SLSs were separated by 300 nm GaAs spacers. After every two SLSs, two cycles of 

TCAs decrease the TDD further. The whole layer stack structure is shown in Fig. 4.7. ECCI 

characterization was conducted to show the effect of SLS on TDD reduction in Fig. 4.8. The 

Figure 4.9. The trend of TDD reduction by the TCA and SLSs technology. 
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TDD is decreased to 5E7 cm-2
 after the first two SLSs and then further decreased to 4E6 cm-2 

after the final two SLSs. The trend of TDD reduction by TCA and SLS has been summarized 

in the plot of Fig. 4.9. Cross-section of the TEM view also shows the effect of TCA and SLS 

on threading dislocation in Fig. 4.10. We can learn that the threading dislocations can be first 

partly trapped within the nano trench structure due to the aspect ratio trapping effect. After 

that, TCA and SLS effectively decrease the threading dislocation density. The surface 

roughness of the surface of GoVS after the growth of all SLSs is about 2.7 nm, revealed by a 

50 × 50 µm2 AFM scanning in Fig. 4.11. 

Figure 4.10. Cross-section TEM view to show the evolution of threading 

dislocation reduction through the TCA and SLS technology. 
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The coefficient of thermal expansion mismatch between GaAs and the Si substrate causes 

problems during the cooling process after growth. After growing a film a few microns thick, 

Figure 4.11. A 50 × 50 µm2 AFM scanning of the surface of GoVS after all 

SLSs growth, revealing a roughness of about 2.7 nm. 

Figure 4.12. A 20 µm × 20 µm AFM scanning of surface after 800 nm GaAs 

grown on GaP-on-Si sample, followed by 10 period of TCAs. 
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residual strain is expected when cooling to room temperature. This strain has two primary 

effects. First, it leads to cracking in the III-V film if there are nucleation centers. Second, the 

residual stress generates additional dislocations during the epitaxy process, which will finally 

degenerate the device performance. Experimental values indicate that the cracking threshold 

Figure 4.13. ECCI characterization for the surface of GaAs on GaP-on-Si sample 

(a) after the first two SLSs growth and (b) after the last two SLSs growth. 
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is closer to 6-7 µm. Since the total thickness of the GoVS is below 2.5 µm and still achieves 

a low TDD and surface roughness, the crack problem caused by the CTE should not be 

serious. 

The same technology of TCA and SLS was also applied to the GaP-on-Si sample (from 

manufacturer NAsPIII/V), where the antiphase boundary was effectively suppressed through 

Si homoepitaxy and high-temperature annealing processes. The exact recipe of the initial 800 

nm GaAs was conducted on the GaP-on-Si sample, followed by ten periods of TCAs. The 

surface shows a roughness of 0.9 nm, revealed by a 20 µm × 20 µm AFM scanning as shown 

in Fig. 4.12. After that, four periods of SLSs were applied to decrease the threading 

Figure 4.14. Surface defects of InGaP grown on GoVS at a growth 

temperature of 550 °C. 



 

77 

 

dislocation density. The layer stack structure and the growth recipe of the SLS are the same 

as the GoVS sample. After the first two SLSs, the surface shows a threading dislocation 

density of about 6E7 cm-2, as shown by the ECCI image in Fig. 4.13a, similar to the GoVS 

sample. After the last two SLSs deposition, the threading dislocation density becomes 5E6 

cm-2, shown in the ECCI in Fig. 4.13b. However, Fig. 4.13b shows that the pinhole generated 

after finishing the four SLSs with a density of about 4E6 cm-2. No pinhole was observed for 

the GoVS sample. The possible reason is that the pinhole was generated due to the stress 

accumulation induced by the SLSs and thermal mismatch. As for the GoVS sample, part of 

the stress was released within the V-groove structure. Given the existence of pinholes, the 

GoVS sample was finally chosen as the template for whole laser structure growth. 

4.3 Full laser structure growth on Si and material characterization 

A high-quality cladding layer is critical to forming a complete laser structure on Si. As 

mentioned in the second section, phase separation is the major problem for InGaP, and growth 

temperature is the critical parameter for suppressing phase separation. For InGaP growth on 

GoVS, we observed that the built-in stress could induce phase separation. The phase separation 

is severe by the recipe, which could form a thick InGaP layer on GaAs with bare phase 

separation. Fig. 4.14 shows that the surface morphology of the defects for InGaP grown on 

GoVS differs from that of the GaAs wafer shown in the second section. Besides the new surface 
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defects, the surface roughness also increased significantly. The GoVS sample used for InGaP 

growth calibration growth has a roughness of 3.5 nm. After 1.3 µm of InGaP growth under 550 

°C, the surface roughness increased to 10 nm. By growth calibration, we observed that a lower 

growth temperature than 550 °C is essential. By decreasing the growth temperature to 525 °C, 

Figure 4.15. AFM scanning for (a) GoVS and (b)1.3 µm thick InGaP grown on GoVS. 

Figure 4.16. Optical microscope of the surface of 1.3 µm of InGaP grown on GoVS. 
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the surface roughness becomes just 4.5 nm, shown in the AFM image of the surface morphology 

before and after InGaP growth in Fig. 4.15. 

Even though InGaP grown on GoVS has shown reduced surface roughness, defects induced 

by phase separation still exist, as shown in the optical microscope in Fig. 4.16. These surface 

defects should not influence the fabrication and ohmic contact formation for the upper cladding 

layer. However, the lower cladding layer has a high requirement on the surface condition. As for 

the lower cladding layer, such surface defects can negatively influence the material quality of the 

active region by decreasing the quantum efficiency and increasing the internal optical loss. 

Therefore, we explore using AlGaAs as the lower cladding layer. AlGaAs is intrinsically lattice-

matched with GaAs material. Even if the composition of AlGaAs varied during the growth, it 

would not break the lattice-matched conditions. The aluminum composition is 40%, so the 

bandgap is similar to lattice-matched InGaP on GaAs. 1.3 µm thick AlGaAs grown on GaAs at 

Figure 4.17. AFM and PL characterization of the 1.3 µm thick AlGaAs on GaAs. 
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630 °C show a surface roughness of 0.5 nm, and the PL characterization revealed that aluminum 

Figure 4.18. AFM scanning for (a) GoVS and (b) AlGaAs grown on GoVS. 

Figure 4.19. Layer stacks of the whole laser structure grown on GoVStempalte.  
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composition is about 40%, shown in Fig. 4.17. The calibration shows that growing 1.3-µm-thick 

AlGaAs will not increase the surface roughness of GoVS, shown in the AFM characterization in 

Fig. 4.18. 

The layer stack of the complete laser structure on Si is shown in Fig. 4.19. The whole laser 

structure was grown on the GoVS platform, whose layer stack is described in Fig. 4.7. AlGaAs 

was chosen as the lower cladding layer because of the better surface quality after grown on 

GoVS; InGaP was chosen as the upper cladding layer because of its lower growth temperature 

(525 °C), which can protect the QD active region. The active region contains five layers of QDs, 

and high-doped n- and p- GaAs as the contact layers. The sample has a shiny surface after the 

whole laser structure growth, as shown in the picture in Fig. 4.20. 

XRD and PL were performed to Characterize the laser on the GoVS material in Fig. 4. 21. 

Compared to the laser structure grown on native GaAs substrate, the PL peak wavelength of the 

laser structure grown on GoVS has a blue shift (from 1260 nm to 1240 nm), and the peak 

Figure 4.20. Picture of the full laser structure grown on GoVS sample. 
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intensity is also slightly weaker. The blue shift is due to the different surface temperatures during 

growth due to the difference in thermal conductivity between the GoVS sample and GaAs and 

(a)

(b)

Figure 2.21. XRD (a) and PL (b) characterization of the laser structure grown on 

GoVS and native GaAs wafer. 
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the residual strain for the GoVS sample. From the XRD characterization, it can be found that the 

laser on the GaAs sample has sharper peaks generating the multi-layer structure at the QD active 

region than those for the laser on the GoVS sample. The intensity of those peaks reflects the 

layer interface quality. The GoVS sample has a higher surface roughness and, thus, has a worse 

layer interface quality. 

4.4 Fabrication and device performance 

The fabrication process flow of the laser on the Si sample is nearly similar to the fabrication 

on GaAs, described detailedly in Section 3. One difference is that the laser on the Si sample 

contains AlGaAs for the lower cladding layer and InGaP for the upper cladding layer, while the 

laser on the GaAs sample utilizes InGaP for both the upper and lower cladding layers. As a 

result, the etching temperature cannot be as high as 200 °C because such a high temperature can 

cause severe undercut etching of the AlGaAs layers. By optimizing the etching recipe, a smooth 

and vertical sidewall of the deep etch ridge was achieved by an ICP-etching at 60 °C. After that, 

a dielectric layer was deposited to passivate the etched ridge, and the etching window for the n-

contact area was opened by an additional lithograph and hard mask etching process. Another dry 

etching step was applied to expose the high-doped n-GaAs contact layer. Another critical 

difference is that the n-contact probe metal for the laser on the Si sample should have a cross-

ridge configuration to minimize the electrical resistance. The reason is that the electrical 

resistivity of the n-GaAs on GoVS is much higher than that on the GaAs wafer due to the defects 

in the material. Fig. 4. 22a the cross-section SEM of the laser ridge with a smooth and vertical 
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sidewall. The ridge has a two-step etching process to expose the n-GaAs contact layer. Fig. 4. 

22b is the optical microscope image of the sample surface after the formation of the probe pad 

metal, illustrating the cross-ridge n probe pad configuration. 

Figure 4. 22. (a) Cross-section SEM of the deep-etched ridge and (b) optical 

microscope of the sample surface after formation of the probe metal pad. 



 

85 

 

After device fabrication, the sample was cleaved into laser bars and mounted on a 

temperature-controlled stage for measurement. In Fig. 4. 23a, up to 100 mW output power from 

Figure 4. 23. LIV curve for one broad area laser (20 µm × 1600 µm), and one narrow 

ridge laser (4 µm × 1850 µm). 
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a single facet was demonstrated for a broad area laser with a dimension of 20 µm width and 

1600-µm long. Fig. 4. 23b shows the LIV curve for a 4-µm-wide and 1850-µm-long laser at 

room temperature under both pulsed and continuous wave (CW) current operation. This laser 

demonstrates a CW threshold current of 46.8 mA (354 A/cm2 threshold current density), and up 

to 16 mW CW power from a single facet. Under pulsed current operation, the single facet output 

power is greater than 25 mW, and the threshold current is 38 mA (289 A/cm2 threshold current 

density). Additional pulsed measurements were performed for 4-µm wide lasers of varying 

lengths to extract internal loss and injection efficiency. The results are shown in Fig 4. 24, which 

plots inverse differential efficiency versus cavity length to extract the internal loss of 5.85 cm-1 

and injection efficiency of 0.56. The diode series resistance for these devices was higher than 

Figure 4.24. Inverse differential efficiency versus cavity length to extract internal loss 

and injection efficiency for 4 µm wide lasers. 



 

87 

 

expected, which degrades the CW performance due to self-heating and explains the significant 

difference in threshold current for pulsed versus CW operation. However, we have attributed this 

to a fabrication issue in forming the n-contacts, not the epitaxial growth issue. 

The QD laser on Si performance has a big gap to the MOCVD grown QD laser on GaAs in 

this thesis or state-of-the-art QD laser on Si [33], in the metrics such as efficiency and threshold 

current density. The threading dislocation density is still not low enough, which works as non-

radiation center in the active region. The mixed AlGaAs and InGaP cladding material, making 

the deep-etching sidewall quality lower than laser with single material (InGaP or AlGaAs) for 

the cladding layer. The doping in the AlGaAs is not optimized for the lower cladding layer 

because of the high background p-doing that makes a low n-type doing level, and therefore 

increase the total serial resistance. 
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Chapter   

Conclusion and Outlooks 

Throughout the thesis, the overall target is to develop high-performance MOCVD-grown QD 

lasers to facilitate the application of QD lasers in communication or sensing. The MOCVD 

growth mechanism of InAs QD was first explored. By optimizing the InAs QD growth 

parameters, including growth temperature, V/III, growth rate, and capping process, highly 

uniform QDs have been achieved with a dot density of about 5.5E10cm-2. Room temperature PL 

characterization on the QDs shows a 50 nm FWHM for the ground state. A high-quality InGaP 

thick layer under low temperatures was also developed as the cladding layer for the laser 

structure. High-performance FP cavity QD laser on GaAs substrate was first demonstrated with 

state-of-the-art performance. The broad-area laser without facet coating shows a single facet 

power of 200 mW; the short narrow-ridge laser without facet coating shows a high wall-plug 

efficiency of about 30%. To enable a QD laser on Si, the GoVS template was developed. 

Combining the technology of aspect ratio trap, thermal cycle annealing, and strain layer 

superlattice, the GoVS sample has achieved a low threading dislocation density (4E6cm-2) and a 

surface roughness of 2.7 nm. The full laser structure was grown on the GoVS sample with 

AlGaAs as the lower cladding layer and low-temperature InGaP as the upper cladding layer. The 

laser on Si has shown a decent device performance at room temperature and continuous-wave 

operation. 

The following technology can be developed based on the QD laser platform developed in this 

thesis work to make the QD laser more functional and meaningful for real applications. First, 

since the QD laser has a narrow linewidth enhancement, the DFB QD laser can be a promising 

solution for a single-wavelength narrow linewidth laser source, which can be applied in coherent 
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communication, microwave photonics, or sensing applications. Besides, since GaAs is a mature 

platform with a larger wafer than InP, active-passive integration on the QD laser platform can be 

explored for QD photonic integrated circuits on the GaAs platform. Last, the QD laser on the Si 

platform has been achieved with decent performance. The next step should be to couple the light 

from the laser to the waveguide on the Si photonics chip. The whole laser structure can be 

selectively grown in the trench on the Si photonics chip to align the optical axis of the laser and 

passive waveguide. Therefore, either butt-coupling or evanescent-wave coupling mechanics can 

be utilized, which can be a promising solution for laser integration for si photonics.  
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