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On-chip quantum light sources on silicon photonic platforms have been the primary building block 

for miniaturization and scaling of integrated quantum photonic system. Epitaxial growth of III-V 

semiconductor quantum dots encapsulated in nanowires offers numerous advantages, such as high 

material quality, monolithic integration on lattice-mismatched substrates, nanoscale device 

dimension, and capability of forming axial or core/shell 3D heterostructure, which makes it a 

promising and versatile platform for building such non-classical light sources. In this dissertation, 

we first demonstrate III-V semiconductor quantum dots embedded in nanowires on silicon 

substrates. More specifically, InAsP quantum dot-embedded InP nanowires are grown vertically 

using vapor-liquid-solid (VLS) method on a silicon substrate with pre-positioned gold catalyst, in 
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which the atomically sharp interfaces between the InAsP quantum dot and the surrounding InP 

nanowire are achieved. The sharp optical transition of excitonic and biexcitonic behaviors in 

silicon-transparent regime is observed, which can be potentially employed to build non-classical 

light sources for quantum communication and computation. However, for functional and practical 

applications, one of the major criticisms is that the III-V nanowires generally can grow only along 

(111) direction, which further limits the choice of substrates and impairs the compatibility with 

standard (001)-oriented silicon photonic platforms. Next, we overcome this critical challenge by 

integrating III-V nanowires on (001) silicon-on-insulator (SOI) platforms via catalyst-free 

selective-area epitaxy. This approach is enabled by exposing the {111} crystal planes from the 

(001) silicon substrates using wet-etching technique. In addition, as a proof-of-concept for on-chip 

photonic applications, an 1D nanowire array is demonstrated with photonic crystal cavity modes 

that are optically coupled to SOI waveguides on a standard silicon photonic platform. Lastly, the 

realization of practical quantum photonic chip relies on having electrical control of individual 

components. For this, we perform fundamental studies on a vertical nanowire heterojunction diode 

and a vertical nanowire LED. The robust and reliable device performance at room temperature 

makes III-V nanowires on silicon a potential platform for practical and functional device 

development. In summary, this dissertation demonstrates three key outcomes as a pathway toward 

monolithic integration of non-classical light sources on silicon photonic platforms. The 

experimental works moreover opens a new paradigm of crystal growth for various nanoscale 

devices that can be utilized in photonic, medical, biochemical, and mechanical fields. 
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1. Introduction 

1.1 Background and significance 

Living in the era of big data, internet of things (IoT), and cloud computing, people in modern 

society relies on these digital solutions to improve the core values of learning, researching, 

business analytics. Data centers and fiber optic networks are growing to accommodate such 

massive volume of data. Meanwhile, the on-demand data transfer containing confidential 

information, such as the transmission of information critical for homeland security, medical and 

financial data, drives the immediate need of secure data transmission. Quantum information 

science is an emerging field exploiting the quantum mechanical principles of —superposition and 

entanglement—to perform storing, processing, and transmission of information, which can greatly 

enhance the data security by the usage of quantum bit.[1] 

As a pioneering approach for future quantum information science, integrated quantum 

photonics is an enabling technology for miniaturizing and scaling complex silicon photonic 

circuits with large numbers of active and passive components to achieve full quantum functionality. 

To be more specific, chip-scale non-classical emitters and detectors can be connected through low-

loss waveguide for encoding, transmitting, and decoding of information via single/entangled 

photons. In addition, with the mature semiconductor processing technique, integration of certain 

optical elements with multipurpose functionalities can be realized on a single chip, such as 

photonic nanocavities to enhance light-matter interactions and filters to select or block specific 

wavelength. 
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The principal building block for such quantum photonic integrated circuits is the single 

photon emitters (SPEs). Generally, single photons can be created on-demand in a two-level system, 

such as colloidal or semiconductor quantum dots, single molecules or atoms, and vacancy centers, 

among which semiconductor quantum dots are considered the most mature technology for building 

single-photon emitters because of their extremely narrow spectral linewidth, high quantum 

efficiency, short radiative lifetimes, near-unity indistinguishability,[2] and monolithic integration 

on silicon photonic platforms. The epitaxial quantum dots grown by various approaches have been 

widely pursued in the past few decades, in which the single and entangled light-emitting diodes 

are made based on this method.[3, 4] However, the randomness of quantum dot formation on the 

surface severely impairs its practicality. Furthermore, inhomogeneous spectral broadening can be 

caused by the fluctuation of quantum dot sizes as well as their interactions with local environment. 

Indeed, the order and dimension of quantum dots could be potentially improved by conducting 

epitaxial works on the pre-patterned sample and continuous improvements have been made. This 

technique remains a challenging topic due to the difficulty in alignment of quantum dots with 

certain optical components, such as nanocavity and photonic waveguide, for practical and 

functional operations. Furthermore, for array-based quantum computing, growing identical 

quantum dots on pre-patterned samples is beyond the state-of-the-art technology in crystal growth. 

As an alternative solution, bottom-up nanowires have widely been explored as promising 

candidates for heterogeneous integration as well as realization of a variety of nanoelectronic and 

photonic devices. Due to extremely small interface area between the nanowires and substrates, the 

lattice-mismatched III-V materials can be integrated on a foreign silicon wafer without strain 

accumulation. In other words, such heterogeneous integration technique, uniquely enabled by 

epitaxial bottom-up nanowires, can be utilized in growing high-quality III-V materials directly on 
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silicon intrinsically free of threading dislocations. In this dissertation, advanced integration 

techniques using III-V bottom-up nanowires are proposed as promising solutions to address the 

current challenges in building functional and practical nanophotonic devices on silicon platforms. 

The vertical nanowires synthesized by bottom-up approach on silicon offer a versatile 

platform for building photonic devices owing to a broad range of III-V material systems, among 

which the materials with silicon-transparent and direct bandgap (Eg < 1.13 eV) are especially 

useful for silicon photonic applications. In addition, integration of quantized structures in 

nanowires tremendously benefits the development of photonic devices, including but not limited 

to lasers, detectors, and non-classical light sources. In Chapter 2, the position-controlled 

integration of quantum dot emitters encapsulated in III-V nanowires by direct growth is 

demonstrated on silicon platforms, as a pathway toward monolithic integration of single/entangled 

photon emitters for silicon quantum photonic applications. 

Despite the numerous advantages of nanowire-based devices, such as high material quality, 

ultracompact dimensions, flexibilities in forming 3D heterostructure, one major criticism to the 

nanowire devices for practical on-chip applications is the incompatibility to the (001)-oriented 

silicon photonic platform, since the growth direction of the bottom-up nanowires is generally 

limited to the (111) direction due to distribution of surface free energy. In Chapter 3, we have 

overcome this challenge in conventional nanowire epitaxy by demonstrating the orientation-

controlled nanowire array on SOI(001) photonic platforms using catalyst-free selective-area 

epitaxy. In addition, the practicality of the proposed design is substantiated by forming a 1D 

nanowire photonic crystal array along with the SOI waveguide and output coupler as a prototype 

of optical interconnects. 
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To employ the nanowire devices into a complex but readily operable photonic chip, the 

potential lies in the electrical control of individual nanowire active components, among which 

understanding and achieving accurate doping concentration in nanowire are essential for ideal 

device performance. In Chapter 4, we fabricate and study a nanowire heterojunction diode and a 

nanowire LED for fundamentally understanding the electrical and optoelectronic properties of 

bottom-up nanowires. With the 3D TCAD Sentaurus simulation, the growth of a simple diode 

structure enables the quantitative estimation on doping level of nanowires without complicated 

measurement setup. Also, the nanowire LEDs with the emission wavelength of cavity modes 

spanning from 950-1100 nm exhibit robust and reliable operation of vertical nanowire devices at 

room temperature. 

In this dissertation, we have presented three substantial outcomes, suggesting a general 

pathway to realize III-V quantum dot-embedded nanowire non-classical light sources integrated 

on SOI(001) substrates. We heartily believe that the simulation and experimental works create 

great opportunities and will facilitate more innovative studies on integration of practical nanowire 

electronic and photonic devices on silicon photonic platforms for development of next-generation 

photonic integrated circuits and quantum photonic networks. 
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2. Hybrid quantum dot-nanowires on Si(111) 

2.1 Overview 

With the rapid emergence of quantum information science in the last two decades, the key 

components to achieve secure communications through quantum cryptography or quantum key 

distribution (QKD), such as single and entangled photon sources, have attracted great attention. In 

conventional QKDs, the strongly attenuated laser pulses, in which there is a very low probability 

to contain more than one photon, are typically used as a signal source to approximate single photon 

emission, since such classical light sources can be prepared simply with the use of optical filters. 

Nevertheless, the attenuated laser pulses occasionally generate multiphoton states, which is 

vulnerable to the photon-number splitting (PNS) attack without applying the decoy state method. 

Therefore, the use of pure single photons is required to ensure practical and high-security 

communication.[5-7] Additionally, it has long been considered as a major challenge for on-chip 

integration of quantum devices, especially quantum light sources, which could tremendously 

benefit the miniaturization of cost-efficient and reliable quantum communication system. [8] 

Epitaxial semiconductor quantum dots (QDs) are particularly attractive in building these on-

demand non-classical light sources at telecommunication wavelength by virtue of the possibility 

in engineering the band alignment and providing three-dimensional (3D) quantum confinement.[9] 

The self-assembled QDs grown in Stranski–Krastanow (SK) mode on semiconductor thin film, 

which are capped in 3D material matrix, are the most well-known and common method to build 

these sources. However, this approach has several drawbacks that make their implementation 

challenging, such as the randomness in spatial distribution of QD positions and the inhomogeneity 
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of QD dimensions, which can result in spectral diffusion and insufficient photon extraction. The 

development of practical and operable devices, on the contrary, generally requires a perfect 

alignment with certain optical components, such as nanophotonic cavity or waveguide, and small 

vertical divergence angle for optical fiber coupling. [10, 11] In order to address this issue, a novel 

approach as an alternative is proposed, in which the QDs are embedded in the bottom-up nanowires. 

This can achieve not only self-alignment of QDs, but also precise positioning of nanowire by 

lithographically defined growth site.[12, 13] Therefore, the ability to control the position of QDs 

in both horizontal and vertical favors the quantum dot-in-nanowire (QD-NW) approach, enabling 

the array-based quantum light sources compatible with quantum photonic integrated circuit (QPIC). 

A conceptual idea is illustrated in Figure 2.1. In addition, bottom-up nanowires grown using vapor-

liquid-solid (VLS) method have numerous unique advantages in accurate formation of axial and 

Figure 2.1 Schematic of array-based quantum dot-in-nanowire light sources monolithically integrated on 

silicon photonic platform. 
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core/shell heterostructure in the nanowires by precisely controlling the thermodynamics as well as 

the diffusion lengths of adatoms in the growth conditions. It is therefore an enabling technology 

for the formation of 3D quantized structures, including the vertically or radially stacked QDs and 

quantum wells (QWs).[14-17] Also, the nonradiative recombination caused by the surface states 

can be effectively reduced by the in-situ passivation.[18-20] Another key feature provided by the 

vertically grown QD-NW is that the QDs are formed with high structural symmetry, such as 

hexagonal or circular shaped disks. These geometries desirably provide a high degree of symmetry 

(C3), which can eliminate the fine-structure splitting (FSS) and thus is crucial in generating 

polarization-entangled photon pairs.[21] In contrast, the conventional QDs grown in SK mode 

typically exhibit pyramidal or island shapes and experience larger FSS because of the structural 

symmetry lower than D2d, which is deleterious for generation of entanglement. [22] 

In this chapter, much effort has been placed on achieving the heterointegration of InAsP 

QDs embedded in InP nanowires on silicon platform using the VLS method by metal-organic 

chemical vapor deposition (MOCVD) that can satisfy these requirements as an initial step. The 

material analysis and optical characterizations are carried out to gain insights on the quality of 

epitaxial QD-NW. We have demonstrated the atomically sharp quantum dot/nanowire interfaces 

by scanning transmission electron microscope (STEM), whereas the optical properties of QDs are 

probed using cryogenic micro-photoluminescence (-PL) setup, from which the excitonic (X) and 

biexcitonic (XX) emissions are both observed and the dynamic exciton-biexciton transitions are 

identified. The results suggest that the integration of QD-NWs on silicon can be universally applied 

to obtain ternary QDs in nanowires with exciton-biexciton emission wavelength in the telecom 

regime. Additionally, by forming the QD-NWs on silicon-on-insulator (SOI) photonic platforms 
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along with SOI waveguides, the proposed method opens the possibilities to advanced silicon 

photonic applications such as wavelength multiplexed nanowire single photon sources.[23-25] 

2.2 Integration of quantum dot-nanowires on Si(111) 

2.2.1 Introduction 

VLS method is one of the most common and mature technique in growing bottom-up III-V 

nanowires incorporating QDs due to the capability to precisely control the supersaturation of 

adatoms in catalysts, which is critical in forming sharp material interfaces for quantum 

confinement for exciton and biexciton generation.[12] Despite that significant progress has been 

made for growing III-V nanowires on silicon platform, most studies up to date are demonstrated 

with GaAs-based material matrix that is known for high surface recombination velocity (~106 

cm/s), which severely compromises the quantum efficiency and thus necessitates an extra effort in 

incorporating capping layers with small lattice mismatch to prevent dephasing.[26-29] In general, 

AlGaAs is commonly used as in-situ GaAs matrix capping layer due to the perfect match of lattice 

constant, which could considerably reduce surface recombination velocity. This is, nevertheless, 

not a flawless solution as Al can oxidize and degrade over time, and typically an additional lattice-

matched GaAs shell surrounding the AlGaAs is required, which poses a hinderance for efficient 

electrical contact.[30] Moreover, another critical issue stemming from the GaAs/AlGaAs QDs and 

even from some GaAs/InGaAs QDs is that the emission wavelengths from QDs are below or very 

close to the silicon transparency limit ( > 1.1 m), which limits its applications.  
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On the contrary, for practical and functional QD-NW quantum emitters, it is essential to 

form position-controlled nanowires on silicon platform, operating particularly in silicon-

transparent window and within telecommunication bands. Therefore, we employ the InP-based 

material matrix for growth of nanowire and QDs, which has shown to be a promising matrix due 

to the much lower surface recombination velocity (~103 cm/s) even without passivation and the 

efficient ex-situ passivation with sulfur treatment and AlOx shell is also possible.[27, 31] 

Furthermore, by incorporating ternary In(As)P QDs in InP nanowires, the emission wavelength is 

tunable over a wide range covering the near infrared (NIR) and potentially the short-wavelength 

infrared (SWIR) regime, providing great opportunity in long-distance and secure 

telecommunication compatible with the current technology. 

2.2.2 Fabrication 

An undoped 6-inch Si (111) wafer is used as growth substrate for VLS epitaxy. Initially, the 

wafer is cleaned by Piranha solution to remove trace amount of surface contaminants followed by 

6:1 buffered oxide etchant (BOE) solution treatment for native oxide removal. Next, a single layer 

of e-beam resist (PMMA 950A2) is spin-coated on the surface with spin speed 4000 rpm for 45 

sec. The square lattice growth patterns, with two lattice constants: 1 m and 150 nm, are written 

using high-resolution Raith EBPG5000 ES e-beam writer. After the writing, the wafer is developed 

in MIBK:IPA = 1:3 solution and cleaned by IPA and deionized (DI) water. The thickness of the e-

beam resist is ~72 nm, measured by Nanospec 2100 AFT film thickness measurement system, 

which is a crucial step for the successful lift-off process. Then, the growth catalyst Au nanoplate 

array is patterned by deposition of 15-nm-thick gold (Au) followed by lift-off process using NMP 
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(1-Methyl-2-pyrrolidon). This results in the Au nanoplate array with diameter of ~ 35 nm as shown 

in Figure 2.2, suggesting the feasibility of observing strong exciton-photon coupling with a design 

of tapered photonic cavity in future studies.[25, 32] Lastly, the wafer is coated with a thick AZ5214 

photoresist as a protective layer and is diced into 8 × 8 mm2 pieces for nanowire epitaxy. It is worth 

mentioning that the foreign catalyst Au is known to be harmful for silicon-based electronics since 

the Au can form mid-gap states in silicon, serving as recombination centers.[33] Although Au was 

used for demonstration purpose in this chapter, it can be easily replaced by an alternative catalyst 

for future study, such as Al or self-catalyzed group-III droplets.[34] 

Another point to be emphasized is that the Au nanoplates show rugged profiles, which can 

be clearly seen in the inset of Figure 2.2. This tiny issue is mainly caused by the lift-off process 

due to insufficient critical dimension (CD) provided by the single layer PMMA. Thus, a common 

and simple approach to optimize the lift-off condition is to use of double-layer or triple-layer 

PMMA to improve the CD. Additionally, we speculate that the rugged profile of Au catalyst will 

not have any drastic impacts on the nanowire epitaxy given that the Au nanoplates would 

Figure 2.2 The SEM images of Au nanodot arrays patterned by e-beam lithography with diameter of 35 

nm and pitch of (a) 1 μm and (b) 150 nm. Scale bars and inset scale bars are 500 nm and 50 nm, 

respectively. 
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eventually become Au-Si alloyed droplets when reaching the eutectic temperature during the 

growth. In other words, the size of the Au nanoplates, as well as the diameter of the Au-Si droplets, 

remains one of the deciding factors for the creation of quantum confinement and the observation 

of exciton and biexciton emissions. 

2.2.3 Growth of InP-based nanowires on Si(111) 

The nanowire epitaxy in this chapter is carried out by VLS method using a low-pressure (60 

Torr) Emcore D-75 metal-organic chemical vapor deposition (MOCVD). The ultra-high purity 

hydrogen (H2) is used as a carrier gas to bring the III-V precursors into the MOCVD reactor, 

including the trimethylindium (TMIn), tertiarybutylphosphine (TBP), and tertiarybutylarsine 

(TBAs). In order to achieve the hybrid QD-NW structure on Si(111), we have carried out a growth 

sequence, which can be divided into two parts: (1) the calibration of InP nanowire on Si(111), 

optimizing the nanowire morphology and yield, and (2) the growth of QD-NW structure, including 

the insertion of InAsP QD in InP nanowire and the involvement of InP passivation shell as final 

structure. 

In the first part, our focus has been placed on improving the vertical InP nanowires on 

Si(111). As widely reported, it is known that the growth temperature and V/III ratio are two critical 

parameters that can profoundly impact the quality of nanowire epitaxy.[35] Hence, in the early 

stage of calibration, the InP nanowires are grown at four different conditions: two temperatures 

versus three V/III ratio to analyze the growth trend by comparing the nanowire morphology and 

growth yield. For general VLS growth of nanowires, the reactor is first ramped up to the growth 

temperature providing the precursors with the given V/III ratio. After the growth, the reactor 
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temperature is gradually ramped down to room temperature with the supply of group-V precursors 

to prevent the desorption. Figure 2.3 shows the vertical InP nanowires grown on Si(111) substrates 

at four different growth conditions with temperatures and V/III ratio: (a) 440oC and 140, (b) 420oC 

and 140, (c) 420oC and 285, (d) 420oC and 760 (please see all the detail growth parameters in the 

QW-NW part). According to Paiman et al. and Zhong et al., tapered nanowires are generally 

produced at higher growth temperature because the surface diffusion of adatom is kinetically 

favorable to incorporate in the nanowire by vapor-solid (VS) mechanism under the high growth 

temperature.[36, 37] This can be understood intuitively with the help of schematic illustration in 

Figure 2.4, showing the possible paths for adatoms to incorporate into the nanowire during the 

VLS growth. The axial growth rate of vertical nanowire is composed of three elements: (1) the 

Figure 2.3 Upper panel: the SEM images of InP nanowire morphology under different growth conditions. 

The growth temperatures and V/III ratios are (a) 440
o
C and 140, (b) 420

o
C and 140, (c) 420

o
C and 285, (d) 

420
o
C and 760. The scale bars are 200 nm. Lower panel: the array yield varies with the corresponding 

growth condition. The scale bars are 1 μm. 
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adatom migration from the substrate surface, (2) the migration of absorbed adatom on the nanowire 

sidewall, and (3) adatom impingement directly on Au catalyst. At higher growth temperature closer 

to the VS mechanism, the former two pathways are hindered due to adatoms incorporated into the 

nanowire sidewall without migrating to the nanowire tip, resulting in the formation of tapered 

sidewall of vertical nanowire.[38] This effect can be clearly observed from the drastic 

morphological change in Figure 2.3, where in Figure 2.3(a and b), by keeping the V/III ratio at 

140 and reducing the growth temperature from 440oC to 420oC, the slightly angled sidewall can 

be minimized and approached nearly vertical. We further increased the V/III ratio from 2-fold 

(V/III = 285) up to 5.5-fold (V/III = 760) while keeping the growth temperature fixed at 420oC, 

see Figure 2.3(b-d), but did not observe any significant influences on the nanowire geometry. Since 

the nanowire aspect ratio and morphology are determined by competition between the radial and 

Figure 2.4 The schematics of three possible paths for adatoms to incorporate into vertical nanowires 

during the VLS epitaxy. 
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axial growth rate, these results are solid evidence that the radial growth rate of vertical nanowires 

is suppressed by maintaining the growth temperature at 420oC and is almost independent of the 

V/III ratio. However, it should be noted that the growth yield in Figure 2.3(e-h) is relatively low, 

where, by increasing the V/III ratio up to 760, the total nanowire yield only improves by 7-fold. 

Here, we take the InP nanowires with growth condition of temperature at 420oC and V/III = 285 

for example. As shown in Figure 2.5, the vertical nanowires are grown in sparse and dense array 

corresponding to the pitch 1 μm and 150 nm in Figure 2.2. Even though the Au nanoplate array is 

perfectly patterned, the vertical growth yield of the nanowires is far from ideal. In Figure 2.5(a), 

only few standing nanowires can be spotted in one array while the rest are mostly inclined 

nanowires, and the surface is covered with random In droplets. This scenario gets even more 

complicated in the dense array (Figure 2.5(b)), in which a large portion of the Au nanodots are 

untriggered, and some irregular growths, such as the laterally grown nanowires and the parasitic 

growth, can be easily found on the substrates in the inset of Figure 2.5(b). According to the 

scanning electron microscope (SEM) images, it is not difficult to conclude that the major limiting 

Figure 2.5 The SEM images of InP nanowires grown at 420oC and V/III = 285 in (a) sparse and (b) dense 

array with pitch corresponding to 1 μm and 150 nm, respectively. 
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factor for the growth yield is the untriggered catalyst on the substrates, and the parasitic growth is 

also playing an important role in the chaos. As a result, we envision that the growth yield on silicon 

in this case can be improved by slightly modifying the growth templates and by tuning the growth 

condition, which will be discussed in detail in the last part of this section. 

For growth of the final QD-NW structure on silicon, Figure 2.6 shows the schematic of step-

by-step processes to control the geometry of nanowire heterostructures using VLS method along 

with the SEM images of nanowires corresponding to each step. First, when the reactor is ramped 

up to 420°C and [TBP]/[TMIn] with molar flow rate of [1.913 × 10-3 mol min-1] / [2.519 × 10-6 

mol min-1] is supplied, the nanowires grown for 5 min and for 10 min show almost identical 

Figure 2.6 The VLS epitaxy of InAsP quantum dot grown in InP nanowires. (a) Schematic illustration of 

layer-by-layer VLS growth process, and the corresponding SEMs: (b) short segment and (c) full length of 

InP nanowires, (d) InP nanowires with InAsP quantum dot, (e) nanowires with quantum dot and InP 

passivation shell, scale bars are 200 nm.  
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diameters with different heights (Figure 2.6(b) and (c)), representing growth that is purely vertical 

under this growth condition. After confirming the growth condition for InP nanowire, during the 

growth of next sample, an InAsP single QD is grown as an insert within the InP nanowire by 

introducing a pulsed flow of TBAs for 1 sec (Figure 2.6(d)). Note that the TMIn and TBP are 

shutdown during the TBAs flow since the InAsP quantized structure is formed via the 

incorporation of As and remaining In adatoms in the catalyst due to reservoir effect and P adatoms 

left in the reactor. As mentioned in the previous part, nearly no radial increment is found from the 

short segment of InP nanowire (radius ~ 66.3nm) to the growth of InAsP QD embedded in InP 

nanowire (radius ~ 67.7nm) with the same growth temperature, as shown in Figure 2.6(b) to 2.6(d). 

Then, the temperature is ramped up to 450°C with the same molar flow rate as the bottom InP 

segment for 4.5 minutes to form tapered sidewall, which is slightly overgrown on the InP nanowire 

Figure 2.7 The schematic depiction of QD-NW final structure, with the cross-section view of InAsP QD 

embedded in the InP nanowire and InP shell as passivation. 
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surrounding the QD (Figure 2.6(e)), unlike the purely axial growth mode in Figure 1(d). The thin 

InP shell provides a 3D carrier confinement and passivation for the InAsP QD as schematically 

depicted in Figure 2.7, which is employed as the final structure for quantum emitters in this study. 

It is worth mentioning that, by controlling the growth condition, the InP shell can be grown to form 

into a needle shape, which can be utilized in tailoring the output divergence angle to improve the 

collection efficiency to external optics.[39, 40] Finally, all the growth are completed with the TBP 

supply during the cool-down of the reactor to prevent the desorption of group-V material. 

Even though we have demonstrated monolithic integration of hybrid QD-NW on silicon 

substrates as a promising platform for achieving array-based quantum computing, the growth 

remains a challenge in this study, and it is crucial to improve the vertical growth yield to 100%. In 

addition, having nearly identical dimensions of quantum disk in nanowire is crucial for generating 

indistinguishable single photons at specific wavelength for array-based operation. To satisfy both 

conditions, we systematically investigate the possible causes of the undesirable growth from the 

fundamental aspect of VLS mechanism, and propose potential solutions to improve the yield. 

VLS epitaxial process is schematically demonstrated in Figure 2.8(a), in which the 

preferential nucleation site is primarily dependent on the thermodynamics of the chemical 

potentials in the critical interfaces, including supply-catalyst, catalyst-crystal, supply-crystal, and 

supply-substrate. In the initial stage, the catalyst first reaches supersaturation by accumulating 

materials from the supply. When accumulating more materials are beyond the thermodynamic 

equilibrium, the layer-by-layer nucleation takes place on the substrate, as indicated by the disc (i) 

in Figure 2.8(a). During this step, one major factor that can severely impact the growth yield is the 
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geometry and symmetry of catalyst. [41-43] As is widely reported, the nucleation at the catalyst-

crystal interface could be impeded by a large wetting angle (  ) in Figure 2.8(b).[44] In 

addition, the random migration of Au catalyst on the bare substrate surface during growth can not 

only lead to poor growth yield, but have detrimental effect on the catalyst geometry as well as 

contacting angle.[45] A straightforward way to address this issue is by adding a thin dielectric 

layer as growth mask on silicon and deposit Au in the lithographically defined openings of the 

mask to confine and preserve both the geometry and position of the catalyst. [46, 47] Furthermore, 

with the presence of growth mask, the unwanted parasitic VS growth at the supply-substrate 

interface as indicated by the disc (iii) in Figure 2.8(a) can be eliminated. 

To achieve identical dimension and position control of quantum discs in the nanowire, it is 

essential to have precise control of the growth rate along the axial and radial direction, assuming 

that the dimensions and geometry of catalyst are identical in the 2D array as shown in Figure 2.2. 

Figure 2.8 (a) The schematic depiction of nucleation at (i) catalyst-crystal interface, (ii) supply-crystal 

interface, (iii) supply-substrate interface during the VLS crystal growth. (b) The schematic of wetting angle 

() in the initialization stage of the growth. 
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Furthermore, the diffusion and contamination of Au catalyst to the Si and Ge nanowires, poses 

critical challenges to the growth due to continuous shrinkage of the Au catalyst.[48] Such 

influences are considered negligible in the III-V nanowire-system because of the low solubility of 

Au in III-V materials (Figure 2.12).[49, 50] This shrinkage of the Au catalyst further controls the 

radial taper and eventual nanowire height in Si/Ge nanowire system. However, in the III-V 

nanowire system, the growth rates along the axial and radial direction are mostly dependent on the 

rate of the nucleus formation as well as the stability of such nucleus during the nucleation process 

at the catalyst-crystal interface (i) and at the supply-crystal interface (ii), which can be controlled 

by the growth condition—including the growth temperature, V/III ratio, total material flow—and 

has been widely demonstrated by the III-V nanowire community with great success.[44, 51] 

Therefore, we posit that achieving uniform quantum dot in nanowire is highly reliant on the 

patterning yield of the catalyst array in the defined area of growth mask. 

Other factors that can potentially cause low vertical yield for the nanowire growth is the 

lattice mismatch between the nanowires and substrates (~8% for InP on Si). In a future study this 

Figure 2.9 The schematic of improved VLS epitaxy. The quantum dot-embedded nanowire is integrated 

on silicon substrate with the introduction of SiNx growth mask and GaP seeding layer.  
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can be addressed by introducing an extra buffer layer, which is a common approach in both thin-

film and nanowire epitaxy on heterogeneous substrates. [52] Because of the compact footprint of 

nanowires, it is not hard to imagine that the dimensions of the buffer can be greatly reduced by 

using a seeding layer, in which a short segment of GaP stub seeding layer can greatly reduce the 

lattice mismatch (0.36% for GaP on Si) and potentially improve the growth yield of InP nanowires 

on silicon substrate.[53-55] To conclude, we strongly believe that the growth yield can be 

improved by at least to 90% by combining the proposed solutions mentioned above, which is 

depicted in the summary Figure 2.9, and could be further improved by precisely controlling the 

growth condition. 
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2.2.4 Material characterization 

The as-grown InP vertical nanowire with InAsP single QD is mechanically broken and 

transferred to a copper grid for STEM and energy-dispersive X-ray spectroscopy (EDS) 

measurements. For gaining clear insight of InP/InAsP/InP interfaces as well as material 

compositions of InAsP QD, the nanowire without InP shell as illustrated in Figure 2.6(d) is used 

in the material characterizations given that the shell can simultaneously generate the unwanted In 

and P counts during the EDS scan. Figure 2.10(a) shows the bright field STEM image of a purely 

Figure 2.10 The S/TEM images of (a) single InAsP quantum dot embedded in InP nanowire, scale bar 100 

nm, and the high-magnification regional images of (b) nanowire tip and (c) quantum dot area, scale bar 10 

nm. (d) The high-resolution S/TEM image showing the abrupt InP/InAsP/InP interfaces with interplanar 

spacing of 3.53Å/3.65Å/3.53Å, scale bar 10 nm. 
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axial InP/InAsP/InP nanowire heterostructure with the diameter and length of approximately 63 

nm and 1.26 m, respectively. Several parasitic In droplets that are formed during the growth are 

shown together near the base of the nanowire. The high-magnification STEM images of nanowire 

tips and single InAsP QD are shown in Figure 2.10(b) and 2.10(c), in which the catalyst/nanowire 

boundary and the InP/InAsP/InP sharp material interfaces can be clearly observed. To confirm the 

interface quality, the high-resolution STEM is performed to capture the InP/InAsP/InP interfaces, 

which are labeled with grey short-dotted lines in Figure 2.10(d). The QD with a thickness of 6.94 

Figure 2.11 The EDS analysis of InAsP quantum dot in InP nanowire: (a) HAADF-STEM image of 

nanowire, (b-d) 2-D elemental mapping of As (red), P (cyan), In (magenta), respectively. Scale bar 20 nm. 
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nm is composed of 19 InAsP monolayers with an equally 3.65 Å interplane spacing (d-spacing), 

and it is sandwiched by InP layers with atomically abrupt interface. 

To confirm the quantum confinement provided by the InAsP QD, it is essential to minimize 

the material diffusion along the nanowire axis, since the gradient junction can lead to the collapse 

of the carrier wave function. The 2D elemental mapping of the InAsP QD region using EDS 

technique is plotted in Figure 2.11(b,c,d). Figure 2.11(a-d) presents the high-angle annular dark-

field scanning transmission electron microscopy (HAADF-STEM) image, and the corresponding 

material distribution of As (red), P (cyan), and In (magenta) along the heterointerface, respectively. 

It can be clearly seen that In is spreading uniformly in the entire nanowire while As is tightly 

appearing in the QD region replacing the P sites to form InAsxP1-x. It should be noted that the slight 

spreading of As is not caused by the material diffusion, but by an offset angle in STEM rotational 

setup which is purposely set to reduce the false signal collected from the TEM copper grid. With 

both results of STEM and EDS scanning, it is therefore confirmed that the InP/InAsP interfaces 

are atomically sharp without the presence of crystal defects, forming a high-quality QD. Such 

Figure 2.12 The EDS analysis of catalyst/nanowire (Au/InP) interface: HAADF-STEM image of nanowire 

(top-left), and 2-D elemental mapping of Au (yellow), In (magenta). Scale bar, 25 nm. 
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InP/InAsP QD with type-I band alignment shows great potentials that the emission wavelength of 

the InAsP QD can be tailored by both the ternary material composition and the QD thickness owing 

to the quantum confinement effect, which can be utilized in wide variety of applications, such as 

building wavelength-tunable non-classical quantum emitters and absorbers.[56] 

Next, the 2D elemental mapping of the catalyst and the nanowire interface (Au/InP) is 

presented in Figure 2.12. Figures, from left to right, are the HAADF-STEM image and the material 

distribution of Au (yellow), In (magenta). Along the catalyst and nanowire body, the presence of 

Au is only observed in the catalyst region. This clearly delineates the boundary of the catalyst and 

nanowire. In addition, the catalyst contains In due to the formation of Au-In alloy when introducing 

the TMIn during the nanowire epitaxy. It should be highlighted that the exact material 

compositions in the catalyst, nanowire, or QD cannot be quantified due to insufficient 

measurement time of the EDS analysis.  

2.2.5 Optical characterization 

Since the growth yield of vertical nanowire is not optimized, optical characterization 

becomes particularly challenging in this study. Extra characterization steps are needed to locate 

the vertical nanowires and to filter out the effect of the parasitic growth. First, the as-grown QD-

NW is located with the relative coordinate in the array, as shown in Figure 2.13(a), where the 

distance between the vertically standing QD-NW (Figure 2.13(b)) and the left, top, and right 

boundaries of the array are 10.88 m, 2.84 m, and 10.25 m, respectively. Next, during the 

optical measurements, the pump area is selected using the charge-coupled device (CCD) camera 

with reference to the measured locations in Figure 2.13. 
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The optical characterizations are performed in a cryogenic micro-photoluminescence (μ-PL) 

setup as shown in Figure 2.14. The sample is mounted on an XYZ piezoelectric stage (Attocube), 

and the chamber is cooled down to 4.2 K in the closed-cycled system (Montana Instruments, 

Cryostation s100). The QD-NWs are optically pumped by a continuous-wave (CW) or pulsed 

mode of a laser diode at 780-nm wavelength. The pump laser and PL emission are focused and 

collected via a 100× objective lens with normal incident setup. A 800 nm dichroic mirror separates 

the excitation and emission beams, and a 785-nm long-pass filter additionally eliminates the 

scattered laser in front of a spectrometer. We note that the pump laser is modulated to 100 MHz 

for the time-resolved PL measurement. The emitted light from the sample is spectrally resolved 

Figure 2.13 (a) The relative position of the vertically standing QD-NW to the left, top and right boundaries 

of the array, and the (b) high magnification SEM images of the QD-NW. Scale bars are (a) 2 m, and (b) 

200 nm. 
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by a spectrometer (Princeton Instuments, SP2750i) and a commercial InGaAs photodetector 

(Princeton Instruments, PyLoN IR).   

The optical properties of InAsP QDs in InP nanowires are probed using a cryogenic -PL 

setup at 4K. As shown in Figure 2.3 and in Figure 2.5, silicon surface is partially contaminated by 

randomly formed In droplets. Consequently, it is critical to measure the spectrum of background 

and use it as a reference baseline to subtract from the QD-NW emission spectra. Nevertheless, we 

did not observe any spectral features between 0.77 eV to 1.38 eV (900 nm to 1600 nm) within the 

scope of this study. Thus, we can assume that the optical emission is solely from the QD-NW 

segments. The -PL and time-resolved photoluminescence (TRPL) are measured from as-grown 

vertical nanowires without transferring them onto foreign substrates. In Figure 2.15(a), a silicon-

transparent emission at 1.109 eV is observed with a sharp linewidth of 267.4 eV from the InAsP 

QDs, which is lower than the thermal broadening of kBT ~ 344.7 eV, indicating a discrete nature 

of energy states of the InAsP QDs. The time evolution of the InAsP QDs in InP nanowire is 

Figure 2.14 The setup of the cryogenic μ-PL system. 
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examined by TRPL measurement, where the same setup of -PL is used along with a single-photon 

detector. Since InP is known for low surface recombination velocity, the TRPL measurement here 

should be governed by the temporal behavior of the InAsP QDs.[27] Figure 2.15(b) exhibits a slow 

decay with an extracted lifetime of 20.422 ns. This is in good agreement with the reported InAsP 

QDs embedded in InP nanowires, where the spontaneous emission is mainly attributed to the non-

guided radiative modes propagating randomly away from the nanowire.[57] The long decay time 

also serves as a compelling evidence of strong 3D confinement of well-passivated InAsP QDs 

embedded in vertically standing InP nanowires. 

Figure 2.16(a) shows the power-dependency of InAsP QD emission at 4K environment with 

the pump power increasing from 200 nW to 200 W. Three extremely narrow peaks can be clearly 

seen starting at the excitation power of 20 W. Here, we denote the two sharp peaks as — an 

excitonic line (X) at ~1.101 eV, and a biexcitonic line (XX) at ~1.107 eV, in which the X line and 

Figure 2.15 (a) Emission spectra from the InAsP QD at 4K and the Gaussian fitted peak in the inset. (b) 

The TRPL measurement of the sharp emission at E=1.109 eV with an extracted lifetime 20.422 ns. 
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XX line exhibit the full-width half-maximum (FWHM) of 219.2 eV and 244.6 eV by Lorentzian 

curve fitting. The measured excitonic and biexcitonic peak linewidths have similar order compared 

to other reported nanowire QDs.[28, 40, 58] However, these values are approximately 1-to-2 

orders higher than that of the conventional planar self-assembled QDs.[59] The linewidth 

broadening of the QDs in nanowires is typically caused by the fluctuation of charges in the vicinity 

of QDs.[60] Such phenomenon can be associated with the surface states and crystal defects such 

as stacking faults, creating a series of carrier trapping and detrapping process, which are often 

formed in bottom-up nanowires.[61, 62] Also, the strain induced by native oxide shell could play 

a role in the spectral broadening of QDs.[63] The intensity of the excitonic emission (IX) and 

biexcitonic emission (IXX) as a function of the excitation power (P) is plotted in Figure 2.16(b) in 

Figure 2.16 (a) Power-dependent spectral characteristics of the NW-QD sample with pump power 

increased from 0.2 μW to 200 μW. The neutral excitonic and bi-excitonic line are indicated by X and XX, 

respectively. (b) The peak intensity of exciton (X) and bi-exciton (XX) as a function of increased excitation 

level. 
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double logarithmic scales. As the excitation power increases, the excitonic line starts to show 

intensity saturation when the biexcitonic line appears, whereas the IX has a sublinear dependency 

with the excitation power (∝ P0.71) while the IXX has a superlinear dependency with the excitation 

power (∝ P1.36). The exponent of the IXX is ~1.92 times higher than that of the IX, which is a direct 

clue and signature property of biexciton and exciton transitions.  

Lastly, the polarization properties of the QD emission lines are investigated at 4K. The 

measured polarization distributions and the fitting curves of the excitonic line (X) and the 

biexcitonic line (XX) are illustrated in Figure 2.17. The emission from the vertical nanowire, 

denoted as +z direction, is collected through a half waveplate without the presence of external 

fields. In general, the polarization property, determined by the orientation of dipole moments, 

contains the Ex and Ey components in the in-plane direction of nanowire cross-section. As reported 

elsewhere, nanowires with an elongated cross-section can drastically increase the nondegeneracy 

of the two components.[64] In other words, the polarization perpendicular to the nanowire axis 

Figure 2.17 The polarization measurement of (a) the excitonic peak (X) and (b) the biexcitonic peak 

(XX) peaks at excitation power 20 μW. 
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generally exhibits very low degree of polarization (DOP).[65, 66] As we expected, the X and XX 

emission lines in Figure 2.16(a) from the vertical nanowire show a very weak intensity variation 

as a function of linear polarizer, which is another solid evidence that the X and XX emission peaks 

are from the vertically standing and symmetric nanowire. With this regard, the vertical nanowire 

in this study not just provides the 3D quantum confinement, but also preserves the genuine and 

intrinsic optical properties of QDs without perturbing the polarizations, which would be an ideal 

platform for entangled photon generation. 

2.2.6 Summary 

In conclusion, we have demonstrated the monolithic integration of InAsP QDs in InP 

nanowires on Si substrates using the VLS method. The atomic abruptness of InP/InAsP interface, 

is confirmed via the S/TEM and EDS technique, which is a crucial condition in forming high-

quality QD. The signature of QDs with narrow optical transitions has been observed, while the 

cryogenic -PL measurement clearly shows the exciton-biexciton transitions in the InAsP QDs. In 

addition, the exciton and biexciton emission wavelengths are potentially tunable by QD size or 

ternary material composition in the silicon-transparent regime. This study provides a promising 

foundation for further developing site-controlled non-classical light sources for future quantum 

integrated technologies. 
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3. Integration of nanowire toward silicon photonics 

3.1 Overview 

Integration of III-V semiconductors on silicon is of great interest in electronics and photonics 

communities. In electronic applications, employing III-V semiconductors can improve the device 

speed by virtue of their high carrier mobility while still being able to utilize the mature 

complementary metal–oxide–semiconductor (CMOS) fabrication processes and industry-

compatible silicon substrates.[67-69] In photonic and optoelectronic applications, III-V 

semiconductors, with direct bandgap, bring an immediate benefit for realizing highly efficient light 

emitters on silicon,[25, 53, 70, 71] and furthermore, their nonlinear optical properties and the 

capability to form quantized heterostructures provide a promising platform for nonlinear optics,[1, 

72] and quantum optics.[73, 74] Especially, silicon-on-insulator (SOI) based silicon photonic 

platforms, which employ thin SOI layers to confine and guide the light, have shown promises for 

chip-scale optical communications with a potential to outperform conventional electrical 

interconnects in terms of both bandwidth and energy consumption. 

Despite significant recent progress, integrating III-V materials onto silicon or SOI still 

remains a challenge. This is primarily owing to the mismatch of lattice constants and thermal 

expansion coefficients between III-Vs and silicon, which make it difficult to directly grow III-V 

materials on silicon without introducing crystal defects that can severely deteriorate the device 

performance.[75, 76] Therefore, heterogeneous integration methods such as wafer bonding and 

flip-chip bonding are commercially employed to integrate III-V devices on silicon in industry, 

although these methods require costly III-V substrates and the scalability is limited.[77] As an 
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alternative approach, several epitaxy techniques have been proposed to directly grow high-quality 

III-V materials on silicon, such as growing graded buffers,[78] introducing dislocation filter layers 

using strained-layer superlattices (SLS) ,[79] and trapping/confining dislocations by oxide 

templates.[80-82] However, the material quality near the III-V/silicon interface is still defective in 

these techniques, and this limits the efficiency and functionality of III-V/silicon hybrid devices. 

To overcome these issues, epitaxy of III-V nanowires on silicon has recently gained attention 

to monolithically integrate high-quality III-V on silicon. Lattice-matching requirement is 

alleviated in nanowire approaches due to the extremely small interface area between nanowires 

and silicon, enabling threading dislocation-free growth of highly lattice-mismatched material 

systems, for example InAs nanowires on silicon that exhibits 11.6% of lattice mismatch.[83] In a 

similar manner, lattice-mismatched heterostructures can be formed inside of nanowires, such as 

axial or core/shell heterostructures, providing additional degree of freedom in bandgap engineering. 

It should also be noted that nanowire’s small footprints make it one of the promising candidates 

for next-generation ultracompact optoelectronic devices,[84, 85] along with other emerging low-

dimensional material platforms.[86, 87] However, III-V nanowires typically grow along <111> 

directions regardless of the substrate orientation,[88, 89] and it impairs the compatibility with 

Si(001) or SOI(001) substrates which are standard platforms in electronics and silicon photonics. 

There have been reports on forming nanowires with their longitudinal axis aligned to <001> 

direction by controlling the growth conditions,[90, 91] but it can be applied only for a limited 

material set and the growth on silicon has not been demonstrated so far. Template-based 

approaches, wherein III-V materials are grown inside pre-defined oxide tubes with <001> 

direction, have been also proposed to form vertical nanowires on Si(001),[92, 93] while these 

processes exhibit sophisticated and complicated fabrication processes to pre-form the oxide tubes. 



33 

 

In this chapter, we show bottom-up integration of III-V nanowires on SOI(001) as a proof-

of-concept demonstration, which could be a novel approach of directly growing high-quality III-

V nanowires on silicon platforms. The key enabling idea is to expose (111) planes of (001)-

oriented substrates, from which nanowires can grow vertically with respect to the exposed crystal 

planes. In other words, nanowires grow along <111> direction of (001) substrates, and the position 

of nanowires and the direction of the nanowires among the four available <111> directions ([1̅11], 

[11̅1], [1̅1̅1], and [111]) can be controlled by combining selective-area epitaxy and anisotropic 

silicon wet etching. Note that we have here adopted selective-area epitaxy technique using 

MOCVD, wherein a dielectric mask with selectively exposed nanoholes are employed as a growth 

template. The nucleation occurs only from where silicon is exposed, and hence the position of 

nanowires can be lithographically controlled by this technique. Therefore, this approach ensures 

Figure 3.1 Schematic illustration of integrating 1D nanowire array on SOI(001) photonic platform as a 

proof-of-concept demonstration. 
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co-integration of nanowires with pre-patterned silicon structures with precise alignment. Based on 

this approach, one-dimensional (1D) nanowire array, as schematically illustrated in Figure 3.1, is 

grown on SOI(001) to form 1D photonic crystal cavities, wherein the nanowire cavity is coupled 

with a SOI waveguide and an output grating coupler, suggesting that the proposed approach could 

be a path toward monolithically integrated ultracompact light sources on silicon photonic 

platforms. Although we have employed here 220 nm-thick SOI(001) substrates here to show 

promise for and compatibility with silicon photonics, the proposed method can be universally 

applied to Si(001) as well as other elemental and compound semiconductor materials. 

3.2 Integration of nanowires on SOI(001) platform 

3.2.1 Introduction 

In typical III-V nanowire epitaxy, for both vapor-liquid-solid (VLS) and vapor-solid (VS) 

phase growths, the growth direction of nanowires is generally limited to <111> direction. This is 

because (111) plane has the lowest Gibbs free energy compared to other crystalline plane 

orientations. As a result, the (111) facet becomes a preferable direction for adatom nucleation, 

leading to vertically standing nanowires on (111)-oriented substrates. 

Now we demonstrate that the challenges in controlling the growth direction of nanowires on 

(001) silicon can be overcome by exposing specific {111} facets of interest using wet chemical 

etching, followed by selective-area epitaxy on the exposed facets. As it is already well-known and 

widely adopted in silicon-based microfabrication processes for CMOS and micro-

electromechanical systems (MEMS), {111} planes act as an etch-stop when anisotropic wet 
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chemical etchants such as potassium hydroxide (KOH) or tetramethylammonium hydroxide 

(TMAH) is used. This is because, each atom along silicon {111} surface has only one dangling 

bond and three covalent bonds compared to the atoms along {001} surface, which have two 

dangling bonds and two covalent bonds. Thus the etch rate along the {111} direction is much 

slower than that along {001} direction.[94] In this manner, the {111} facets can be perfectly 

exposed on the SOI(001) substrates for controlling the orientation of nanowires. 

3.2.2 Fabrication 

A 220 nm-thick SOI(001) wafer is employed in this study, instead of Si(001), for two main 

reasons: first, the buried oxide (BOx) layer cannot be etched by the TMAH solution, and thus it 

works perfectly along with the {111} planes as etch-stop layer, which makes it a much easier task 

for controlling the lateral silicon etch-rate. Additionally, the SOI substrates also offer better control 

in device geometries, dimensions and isolation; second, the 220 nm-thick SOI(001) is a standard 

in silicon photonic platforms, and thus the compatibility with silicon photonics can be 

demonstrated using SOI.[95] While, it should be noted that exactly the same approach can be used 

for Si(001) platforms, not only SOI(001).  

The schematic illustration of the general substrate preparation for patterned SOI(001) 

substrate is shown in Figure 3.2. A lightly p-doped (Boron, 10 .cm) 6-inch thin SOI (001) wafer 

(SEH America Inc., USA) with a 220nm-thick SOI layer, a 2m-thick buried oxide layer, and a 

675m-thick Si handling layer was used for the substrate patterning and nanowire epitaxy. Initially, 

the bare SOI(001) wafer is cleaned by Piranha (H2SO4:H2O2 = 4:1) at 120 oC for 20 min to remove 
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any potential organic contaminants and is rinsed by de-ionized (DI) water, followed by a 6:1 BOE 

solution for 1 min to remove the native oxidation layer. Second, a 20-nm-thick furnace silicon 

oxide is grown as the wet-etching mask. The oxide openings are patterned by e-beam lithography 

and inductively coupled plasma (ICP) etching. The wafer is then immersed into an as-prepared 

TMAH stabilized at 70 oC for 18 min, within which a magnetic stir spinning at 200 rpm is used to 

minimize the temperature variation within the beaker. It is worth mentioning that several 

rectangular features with different dimensions versus spacings, shown in Figure 3.3(a), are used 

as wet-etch rulers to gauge the silicon lateral etch rate in TMAH solution. After TMAH etch, a 

Figure 3.2 Fabrication processes for SOI(001) growth substrate. 
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transparent suspended oxide film can be clearly observed in Figure 3.3(b), and the three {111} 

family planes are perfectly exposed. Although the etch-rate is nonlinear, the lateral silicon etch 

rate in the stabilized TMAH solution is roughly 17.6 nm/min. Next, the oxide mask is removed in 

the HF solution, and the SOI substrates show excellent surface quality for epitaxy (Figure 3.3(c-

d)). Afterwards, a 20nm LPCVD silicon nitride as epitaxial growth mask was isotropically 

deposited on the patterned SOI wafer. 

After the patterned SOI substrate is finished, a thin layer of e-beam resist, ZEP520A (ZEON 

Co., Japan) diluted with ZEP-A (ZEON Co., Japan) by a ratio of 2:1, is spin-coated on the wafer, 

Figure 3.3 SEM images of wet-etching test on SOI(001) substrates. (a) The etch ruler with different 

spacing to gauge the lateral etch rate. (b) The zoom in image of a rectangular feature. Scale bar, 500 nm. 

(c) The rectangular feature array with different dimensions, and (d) the zoom-in SEM image of one feature. 

Scale bar, 200 nm. 
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followed by an alignment e-beam lithography to define the nanohole openings on the {111} 

sidewalls as growth sites. Finally, the wafer was diced into pieces with 8 x 8 mm2 for nanowire 

epitaxy.  

3.2.3 Growth of GaAs nanowires on SOI(001) and SOI(111) 

substrates 

For fair comparisons, we first examine the nanowire array epitaxially grown on the planar 

SOI(001) and planar SOI(111) substrates. The same Emcore D-75 MOCVD system is employed 

for nanowire epitaxy in this study, and the III-V precursors include triethylgallium (TEGa) and 

tertiarybutylarsine (TBAs). The SOI(001) and SOI(111) sample pieces are cleaned by a 6:1 BOE 

solution for 30s to remove native oxide before immediately loading into the MOCVD reactor.  

First, the reactor temperature is ramped up to 875˚C and is maintained for 15 min to remove 

the native oxide possibly formed when transferring the sample. Next, the temperature is gradually 

ramped down and stabilized at 680 ˚C for nanowire epitaxy. In the growth window, the TEGa and 

TBAs precursors are turned on simultaneously with the molar flow rate of [TEGa] = 5.41 x 10-7 

mol/min and [TBAs] = 5.45 x 10-5 mol/min ( V/III ratio fixed at ~100) for growth time of 30 min. 

After the nanowire epitaxy, the reactor is cooled down to room temperature in a TBAs overpressure 

ambient to prevent As desorption. As mentioned previously that the nanowire growth direction is 

limited to the <111> direction due to the lowest distribution of surface free energy, there is only 

one <111> direction exposed for the (111)-oriented substrates, which is by definition normal to 

the surface direction, so the typical nanowires grown on SOI(111) substrates are oriented vertically, 

as schematically illustrated in Figure 3.4(a). As a stark contrast, for the case of (001)-oriented 
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substrates, there are four sets of <111> directions exposed, which are inclined by 54.7˚ from the 

surface normal direction (Figure 3.4(b)). To show more drastic effects of these substrate 

orientation, the SEM images of nanowires grown on planar SOI(111) and planar SOI(001) are 

listed side-by-side in Figure 3.4(c-f), wherein the nanowires grown on (111)-oriented substrates 

are vertically aligned as seen in the angled and top-view SEM images in Figure 3.4(c) and 3.4(e), 

which agrees with our expectations and the previous reports on various III-V nanowires.[35, 96] 

On the contrary, the nanowires grown on (001)-oriented substrates are randomly aligned along one 

of the four <111> directions, as shown in Figure 3.4(d) and 3.4(f). To gain more insights, we 

statistically analyze the randomness of nanowire orientations on the SOI(001) substrates. In Figure 

Figure 3.4 GaAs nanowires grown on (111) and (001) surfaces of silicon by selective-area epitaxy. 

Schematics of nanowire array on (a) Si(111) and (b) Si(001). 75º-tilted SEM images of nanowire array on 

(c) Si(111) (d) Si(001), and corresponding top-view SEM images of (e) Si(111) and (f) Si(001). All scale 

bars are 1 μm. 
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3.5(a), the nanowires from a 26 x 26 array are randomly aligned toward the four <111> directions, 

where an area (highlighted in yellow dash line) of 17 x 12 nanowires are selected to account for 

this effect. The individual counts of 55/48/48/53 (total: 204) relate to the 

right/left/upward/downward directions from the top-view SEM images in Figure 3.5(b). In other 

words, the portion of nanowires aligned to each <111> direction is in the range of 25 ± 2%, 

indicating that there is no preferable choice of nanowire growth direction among these four 

exposed <111> family. 

These results indicate that the position of nanowires can be controlled lithographically when 

(001)-oriented substrates is used, while the growth direction of these nanowires cannot be 

controlled to a specific direction. The lack of controllability of the growth direction can be 

detrimental in nanowire-based optoelectronic devices, since the variation of nanowire directions 

Figure 3.5 SEM images of GaAs nanowires grown on Si(001). (a) 30 x 30 µm2 size nanowire array with 

a pitch of 1.2 µm, and (b) close-up SEM image with 204 nanowires in the area. The number of nanowires 

aligned to one of the four <111> directions all in the range of 51 ± 4, equivalent to 25 ± 2%, suggesting 

that there is no preferred direction of nanowire growth among the four exposed <111> directions. Scale 

bars, (a) 5 µm and (b) 3 µm. 
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results in unpredictable scattering of optical field and nonuniform current-injection with metal 

contact. Furthermore, when densely packed nanowires are grown, these randomly inclined 

nanowires inevitably merge with each other, which could form grain boundaries at the interface 

that can degrade electrical properties of nanowires. Therefore, controlling the growth direction of 

nanowires on Si(001) is crucial for many silicon photonic applications. 

3.2.4 Controlling the growth direction of nanowires on SOI(001) 

In order to control the growth direction of nanowires on SOI(001), we carry out the epitaxy 

with the same growth condition on the patterned substrates employing the general fabrication 

process in Figure 3.2. Here, as the first demonstration, four {111} sidewalls on the SOI(001) 

substrate are exposed by TMAH wet-etching and two orthogonal {111} facets are patterned with 

openings as the nanowire growth sites, which is schematically depicted in Figure 3.6(a). The SEM 

image in Figure 3.6(c) confirms the formation of four smooth {111} side planes with nanoholes 

patterned on two of the sidewalls (highlighted by yellowed short-dotted lines). As only one <111> 

direction, i.e. surface normal direction, exists on these {111} sidewalls, the nanowires grow 

vertically with respect to the sidewall where nanoholes are patterned, as demonstrated in Figure 

3.6(d). In other words, these initial results serve as strong evidence that the growth direction can 

be perfectly controlled by exposing {111} sidewalls of interest.  

Next, by adopting the same approach, a well-ordered nanowire photonic array can be 

potentially formed by patterning array of nanoholes on the sidewalls. As an example, interdigitated 

nanowire arrays are fabricated bottom-up, as shown in Figure 3.7(d), by patterning staggered 

nanohole arrays on two parallel {111} sidewalls facing each other (Figure 3.7(a)), and the close-



42 

 

up SEM images of the nanoholes patterned on the left and right side of the {111} sidewalls are 

shown in Figure 3.7(b) and 3.7(c), respectively. We note that a similar nanowire structure is 

recently demonstrated on III-V substrates using gold-catalyzed nanowire epitaxy, as a versatile 

platform for various quantum devices,[97] implying that our proposed approach could be a 

steppingstone for realizing such advanced applications on silicon platforms. 

Figure 3.6 Proposed approach of controlling nanowire growth on (001) platforms. Schematics of (a) 

nanohole pattern on wet-etched {111} sidewalls and (b) nanowires grown from nanoholes. Top-view SEM 

images of (c) nanohole patterns on two (111) sidewalls and (d) GaAs nanowires grown from the nanoholes. 

Scale bars, (c-d) 250 nm. 
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Although we have demonstrated the feasibility of controlling nanowire growth direction on 

SOI(001), the diameter and height of nanowires in Figure 3.7(d) are nevertheless not identical, 

with the nanowires on the right-hand side (blue) fatter than the nanowires on the left-hand side 

(red). In addition, within the array on the left side, the nanowire dimensions fluctuate, and one 

nanowire is missing in the array. To understand this difference within the array, we closely 

examine the nanoholes patterned on both sides of Si(111) sidewalls, and we speculate that the non-

Figure 3.7 (a) Top-view SEM image of nanohole patterned on two {111} sidewalls and the close-up SEM 

images of the nanoholes with (b) 1st on the left and (c) 4th on the right of the sidewalls. (d) 75⁰-tilted false-

color SEM image of interdigitated nanowires grown from the pattern. Scale bars, (a) 500 nm, (b-c) 100 

nm, (d) 500 nm. 
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uniformity of nanowire geometry could be stemming from nanohole patterns for nanowire growth. 

Nanoholes on the right {111} plane in Figure 3.7(a) is adjacent to the top (001) surface of the SOI 

layer, while nanoholes on the left plane is patterned on the middle of the {111} plane. This is due 

to a slight misalignment between the wet-etched patterns and nanohole patterns during the 

electron-beam writing process. Nanoholes are exposed by dry etching the silicon nitride layer 

using e-beam resist as an etch-mask, and the thickness of the e-beam resist gets thicker on the 

slanted {111} sidewalls compared with {001} surface due to the viscosity of e-beam resist. When 

e-beam resist is thicker, etch rate of small features decreases, meaning that the etch rate of 

nanoholes on the right sidewall will be faster than that on the left sidewall, resulting in larger 

nanohole diameter. We suspect that the nanoholes patterned on the left sidewall is more non-

uniform due to their positions. Therefore, it is necessary to improve the uniformity of patterning 

Figure 3.8 SEM images of (a) nanoholes patterned with 20 nm offset in y-direction and (b) nanowire 

growth results. 
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by optimizing the alignment of e-beam lithography step and dry etching conditions to achieve 

highly uniform nanowire arrays. 

To verify this speculation, the effect of nanohole position on the nanowire growth is further 

studied by gradually modulating the position of nanoholes with respect to the {111} sidewall, as 

shown in Figure 3.8(a). The nanohole position spans from (001) surface to {111} sidewall with 

20-nm-offset along the y-direction, and thus some of the nanoholes are exposed on (001) surface, 

some on the corner of (001) and {111} surface, and some on the {111} sidewall. Using the same 

growth condition, the morphology of nanowires stemming from these intentionally tuned 

nanoholes is shown in the SEM image in Figure 3.8(b). The growth direction of nanowires from 

the holes on (001) surface is random, as already shown from nanowire arrays grown on Si(001) 

Figure 3.9 (a,b,c) Cross-sectional bright-field STEM images of a nanowire on SOI(001) ridge. (b) is a 

close-up image of dashed region in (a), and (c) is a close-up image of nanowire/substrate (GaAs/Si) 

interface area in (b). (d) High-resolution STEM image of the nanowire/substrate (GaAs/Si) interface. Scale 

bars, (a) 200 nm, (b) 50 nm, (c) 10 nm, and (d) 5 nm. 
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surface in Figure 3.4(f) and 3.5, while the nanowires grown from nanoholes on the corner and on 

{111} surface aligned vertically with respect to the {111} surface. In addition, the nanowires 

grown at the corner are fatter than the nanowires on the center of {111} sidewall, which agrees 

with the tendency observed in Figure 3.7(d). To study the interface of nanowires and substrate, 

cross-sectional scanning transmission electron microscope (STEM) images of a nanowire on a 

{111} sidewall are measured by slicing the sample using focus ion beam (FIB) milling. As shown 

in the bright-field STEM image in Figure 3.9(a), a smooth Si{111} surface is formed on SOI(001) 

by wet etching, and 20 nm-thick silicon nitride mask is conformally deposited on the top and 

slanted Si planes. GaAs nanowire is grown vertically from the exposed nanohole on {111} surface. 

The close-up STEM image in Figure 3.9(b) and 3.9(c) shows the nanowire/substrate (GaAs/Si) 

interface with the exposed hole diameter of around 41 nm. In the STEM image, it can be clearly 

observed that the nanowire integrated on SOI(001) are grown along <111> direction perpendicular 

to the exposed {111} surface, and the nanowire is free of threading dislocations despite the lattice 

mismatch of 4.1% between GaAs and silicon due to the ultrasmall interface area, which can be 

clearly seen from the high-resolution STEM image in Figure 3.9(d). Note that the d-spacings, 

denoting the inter-atomic spacings of two successive crystal planes, of GaAs and Si along the 

<111> direction are extracted as 3.38 Å and 3.25 Å, which are in good agreement with the reported 

values of 3.26 Å and 3.14 Å. It’s worth mentioning that a ~3.6% error for both GaAs and Si can 

be attributed to the sample tilting during the STEM imaging. However, a high density of rotational 

twins, also known as stacking faults, is present along the zinc-blende GaAs nanowires in both 

Figure 3.9(c) and 3.9(d), which is commonly observed from GaAs nanowires grown on Si in vapor-

solid phase growths.[98] These stacking faults in nanowires could generate a series of potential 

barriers, which is detrimental to both electrical and optical properties. By tuning the growth 
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conditions, such as growth temperature and V/III ratio, it has been shown that these unwanted 

crystal defects can be effectively minimized.[99] 

3.2.5 Summary 

In summary, we have successfully demonstrated the feasibility of controlling the nanowire 

orientations on SOI(001) platforms by exposing the {111} crystalline facets using anisotropic 

TMAH wet-etching technique. In this manner, the nanowire array can be well-organized and 

grown vertically with respect to the surface normal direction. The presence of stacking faults 

within the nanowires remains a challenge for integration of practical nanowire devices, which can 

be later addressed by potentially tuning the growth condition. The proposed method represents a 

versatile platform for monolithic integration of III-V nanowire optoelectronics on (001)-oriented 

silicon substrates for silicon photonic applications. 
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3.3 One-dimensional photonic crystal cavity on SOI(001) 

3.3.1 Introduction 

Based on the selective-area nanowires growth on {111} sidewalls of SOI(001) substrates 

shown above, we further adopt the design of previous optical interconnect as a proof-of-concept 

demonstration of integrating nanowires with silicon photonic platform. The key components in 

this study include an 1D nanowire photonic cavity, a SOI waveguide and a SOI grating as a output 

coupler. By combining the proposed approach of growing nanowires on {111} sidewalls with the 

dry etching of silicon, the well-ordered nanowire array can be formed on the patterned SOI(001) 

platforms, with the photoluminescence from the photonic cavity mode efficiently laterally-coupled 

to the SOI waveguide and observed from the output coupler. These results show the feasibility and 

practicality of integrating the orientation-controlled nanowire devices on SOI(001) for silicon 

photonic applications, such as III-V nanowire quantum emitters, lasers, and detectors. 

3.3.2 Design 

The 1D nanowire photonic cavity is employed in this study and the optical properties are 

studied by 3D finite-difference time-domain (FDTD) simulations using Ansys-Lumerical. The 

model setup is schematically depicted in Figure 3.10, in which the pre-patterned trapezoidal SOI 

substrate with 220 nm-thick silicon layer and inclined 1D nanowire array is employed. It has been 

widely shown that the 1D photonic crystals, for both hole-type and rod-type, with artificial defects 

can achieve photonic cavity with high quality (Q) factors while occupying ultracompact device 
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footprints.[100] In the design, the 1D nanowire array with a total number of N = 21 nanowires is 

composed of three sections: one tapered section as artificial defects sandwiched by two reflector 

sections. Specifically, the tapered section consists of 11 nanowires with a pitch decreasing linearly 

by 10 nm as it approaches the center, while the reflector sections each consist of 6 nanowires with 

a constant pitch, leading to a 50 nm difference between the center pitch and the one in reflector 

section, which forms a photonic cavity in an 1D resonator with high-Q mode in photonic bandgap. 

Owing to the large difference in refractive indices between the nanowires and vacuum, the optical 

profile is tightly confined near the base of nanowire along the nanowire axis, i.e. the (001) surface 

normal direction. In addition, the photonic bandgap enhances optical confinement along the x-axis, 

resulting in the formation of 3D high-Q cavity. 

The cross-section of the structural setup is shown in Figure 3.11(a) and the detaild material 

parameters used in the simulation can be found in Table 3.1, where the 1D nanowire array is 

integrated on the trapezoidal SOI waveguide that can be formed by using the ICP dry etching 

Figure 3.10 The schematic illustration of the simulation model. The structure for demonstration purpose 

with 1D nanowire photonic cavity consists of a tapered array in the center as cavity, sandwiched by two 

reflector components. 
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technique on Si. In the simulation, we assume that the ternary compound material InGaAs is 

employed as gain media for the 1D nanowire array, which has been previously demonstrated on 

the Si(111) and SOI(111) platforms.[25, 53, 101] In Figure 3.11(b) and (c), the profiles represent 

the optical field distribution in the design with the structure depicted in white short-dotted lines, 

in which the cavity mode is corresponding to a signature telecom wavelength 1306 nm. As 

mentioned above, the structure exhibits a tight optical confinement in the tapered section of the 

Figure 3.11 (a) The cross-sectional illustration and the dimensions of the proposed structure. (b) Electric 

field profiles (|E|) of yz-plane and (c) cross-section along the dashed plane in (b), showing tightly confined 

field in nanowires. 
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1D nanowire array with a decently high Q-factor around 72,000, which is valuated based on the 

dissipating rate of the electromagnetic fields of the cavity mode. In addition, due to the tight 

confinement, the structure also shows an extremely small mode volume of Vmode = 0.86 x (/neff)
3 

in a sub-wavelength entity with a confinement factor of 0.53. Such high Q-factor, small mode 

volume, and high confinement factor will be beneficial for building high-efficiency optical 

components, such as nanolasers and detectors. Besides, the nanowire array occupies an extremely 

small footprint around 7.2 x 1.0 m2, which is an enabling technology for high volume and 

ultracompact integration. 

It is worth mentioning that another advantage of employing such 1D nanowire array is the 

tunability of emission wavelength. Not only by manipulating the InGaAs ternary composition, but 

by tailoring the pitch and dimensions of nanowires as it has been experimentally demonstrated 

elsewhere, it allows us to tune the cavity modes covering the telecom wavelength, suggesting that 

the wavelength-division multiplexing (WDM) can be achieved with multiple combinations of the 

Table 3.1 Summary of material parameters used in the optical simulation. 

 Material parameters Values 

1D Nanowire array 

Refractive index (InGaAs) 3.62 

Diameter (d) 170 nm 

Height (h) 1000 nm 

Pitch (reflectors) 340 nm 

SOI substrate 

Waveguide thickness 220 nm 

Waveguide width 50 nm 

Base angle in trapezoidal waveguide 54.7o 

Slab thickness 40 nm 
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pitches and diameters on the same chip. Note that the thickness of the silicon slab and the geometry 

of the trapezoidal silicon waveguide in Figures 3.10 and 3.11(a) are two sources of loss and they 

can severely impact the Q-factor, since the refractive index of silicon is larger than the effective 

index of 1D nanowire array. By reducing the thickness of silicon slab and by manipulating the 

geometry of waveguide, the Q-factor can potentially improve. However, the silicon slab is an 

essential element for bottom metal contact in future device study, and these steps could also 

increase the fabrication difficulty and cost. 

3.3.3 Fabrication and growth of 1D GaAs nanowire array on SOI(001) 

As shown in Figure 3.12, the schematic illustration is the fabrication steps for 1D GaAs 

nanowire array integrated on SOI(001) platforms. Although it shares similarities with the previous 

process in Figure 3.2, this includes three distinct e-beam writing steps, which drastically increases 

the process difficulty. Thus, in this section, the focus will be placed on the technical breakthroughs 

and challenges, whereas the details of identical processes and parameters, such as TMAH wet 

etching, silicon nitride mask deposition, nanohole patterning, and nanowire growth, are referred 

to Section 3.2. 

A 220 nm-thick SOI(001) wafer is employed for nanowire growth. In order to form the 

trapezoid-shaped waveguide shown in Figure 3.10 and 3.11(a), the control of TMAH wet-etching 

and alignment e-beam writing are two critical steps, in which the wafer is first wet-etched to expose 

{111} crystal planes (labeled in magenta in Figure 3.13) with an aid of wet etching rulers, followed 

by dry etching of silicon to form ridge waveguides, output grating couplers, and trapezoidal silicon 

stripe for nanowire growth (labeled in yellow in Figure 3.13). The rest of the processes, from 
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deposition of silicon nitride mask to nanohole patterning, are identical, which can be found in 

Section 3.2.  

As mentioned, we adopt a 1D photonic crystal cavity design composed of a nanowire array 

aligned on a {111} sidewall of SOI(001) based on the simulation results. This structure can exhibit 

high Q-factor with extremely small footprint, which is promising for compact light sources such 

as nanolasers and photonic crystal light emitting diodes (LEDs). It should be noted that, by 

reducing 2 nanowires in a reflector section in Figure 3.10, the coupling efficiency between the 

nanowire array and the SOI waveguide can be increased while the Q-factor is not sacrificed much, 

as we have demonstrated elsewhere.[25] Thus, the nanowire photonic cavity design is composed 

Figure 3.12 Schematic illustration of fabrication processes for 1D nanowire array on patterned SOI 

substrate. 



54 

 

of 19 nanowires on a silicon stripe made by combination of wet etching and dry etching. To 

demonstrate the potential for on-chip photonic applications, the nanowire cavity is laterally-

coupled to a ridge waveguide with a width of 440 nm and height of 220 nm. The distance of 

adjacent nanowires is set to 400 nm for the nanowires at the periphery of the 1D array, while the 

distance is graded to become 350 nm for nanowire in the center for optical confinement. The 

position and number of nanowires are carefully determined to simultaneously realize high Q-factor, 

high coupling efficiency, and ultracompact device size.  

The top-view SEM images in Figure 3.14(a) and 3.14(b) show the SOI platform prepared 

for nanowire epitaxy. A 1D nanohole array is patterned on the {111} sidewall of a trapezoidal 

silicon stripe. The silicon nitride mask is removed around the nanowire array (noted as ‘exposed 

Si’ in Figure 3.14(a)), so that the exposed Si area can work as a diffusion barrier of adatoms during 

nanowire epitaxy and thus promote uniform growth of nanowires by limiting the diffusion area of 

Figure 3.13 Schematics of two critical fabrication steps for patterned SOI substrates with (left panel) 

TMAH wet etch, and (right panel) vertical etching by ICP dry etch based on precise alignment e-beam 

lithography. 
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adatoms on the surface.[24, 102] A 1D GaAs nanowire array is grown on this platform, and as 

shown in Figure 3.14(c-e), the nanowires grown are aligned vertically on the {111} sidewall of 

the silicon stripe. Although the as-grown nanowires form a 1D array with perfect alignment, 

however, the diameter and height of nanowires are not uniform, which could be due to the 

fluctuation of the geometry of patterned nanoholes as these nanoholes are defined on slanted planes. 

Figure 3.14 (a,b) Top-view SEMs of prepared nanohole patterns with SOI waveguided and output grating 

coupler, and (c,d) top-view SEMs after nanowire epitaxy. (e) 75º-tilted SEM image of the nanowire array. 

Scale bars, (a) 5 μm, (b) 200 nm, (c) 5 μm, (d) 1 μm, and (e) 500 nm. 
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The 19 nanowires exhibit average diameter of 190 nm and height of 808 nm, with a standard 

deviation of 18 nm and 62 nm for the diameter and the height, respectively. The non-uniformity 

of the nanowire size will not only affect the cavity mode wavelength, but will degrade the cavity 

Q factor, and thus needs to be improved for high-Q cavities.[25] It should be worth mentioning 

that we only include the characterization and discussion on GaAs nanowire array, since the growth 

outcomes are beyond our expectations. More details for trial growth of InGaAs nanowires on 

SOI(001) platforms and potential solutions for non-uniform array can be found in Appendix A. 

3.3.4 Optical characterization 

To verify the cavity properties and waveguide-coupling characteristics, the nanowire array 

is optically pumped at room temperature (293K) by a pulsed supercontinuum laser (SuperK 

EXTREME EXW-12, NKT Photonics) with 660 nm laser wavelength, 30 ps pulse duration and 

78 MHz repetition rate. Normal incidence was employed in the -PL setup, in which the pumping 

source and the sample emission were focused and collected through a 50x objective lens 

(NA=0.42). The laser beam focused on the substrate has an estimated spot size of 2 m. The 

emission from nanowire array and grating was directed to and resolved by an Acton SP-2500i 

spectrometer (Princeton instruments) equipped with a liquid nitrogen-cooled commercial 2D 

InGaAs focal planar array detector (2D-OMA, Princeton instruments). The emission patterns from 

the nanowire arrays and output couplers were spatially captured by the live imaging mode of the 

2D InGaAs detector with the pump beam located near the center of the nanowire array. The 

emission pattern in Figure 3.15(a), wherein the pump laser is blocked by a 695 nm long pass optical 

filter and represents only the emission from nanowires, shows light emission on top of the 
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nanowire array as well as from the output grating coupler, indicating that the emitted light from 

nanowires is coupled to the SOI waveguide, transmitted, and out-coupled by the grating coupler. 

Next, direct emission from nanowires to the free space and the emission from the grating coupler 

are separately resolved to investigate the cavity and coupling characteristics, as shown in Figure 

3.15(b). Multiple cavity peaks are observed by pumping the 1D nanowire array, with two sharp 

peaks (1 and 2) and several other broad peaks. These sharp peaks and some of the broader peaks 

are also measured from the output coupler, while the broad spontaneous emission is not measured, 

Figure 3.15 (a) Emission from an optically pumped nanowire array connected to a SOI waveguide and an 

output coupler. (b) Emission spectra from nanowire array and from output coupler, indicating waveguide 

coupling of cavity modes.  
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indicating that the coupling of these modes to the waveguide is stronger than spontaneous emission 

from the nanowires. 

The origin of these peaks is studied by three-dimensional (3D) finite-difference time-domain 

(FDTD) simulations (Lumerical FDTD), by employing actual dimensions of as-grown nanowires 

in the simulation model. Two cavity modes are found from the FDTD simulation, with the cavity 

mode wavelengths at 1430 nm and 1475 nm and cavity Q factors larger than 100 (upper and lower 

panel in Figure 3.16(a), respectively). These wavelengths almost perfectly match with the two 

sharp peaks (1 and 2) observed from photoluminescence (PL) measurement in Figure 3.15(b), 

and thus we conclude that the field profiles shown in Figure 3.16(a) correspond to the measured 

cavity modes at the mode wavelengths of 1 and 2. Other cavity peaks at shorter wavelengths, 

such as two peaks around 1200 nm observed from PL in Figure 3.15(b), were not identified by 

FDTD simulations. This could be because the field decays too quickly during FDTD simulations 

Figure 3.16 Electric field profiles (|E|) of (a) the two localized modes (λ1, λ2) calculated by FDTD 

simulations, and (b) (upper panel) the ideal nanowire array (lower panel) with rescaling on intensity bar 

to show the coupling of cavity mode to the waveguide. 
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as the Q factor is too small, as suggested by broader cavity linewidths shown in Figure 3.15(b). 

For example, the measured linewidth (full-width at half-maximum) of two distinctive peaks around 

1200 nm are both around 13-15 nm, indicating that the Q factor is below 100. It should be noted 

that the Q factor and coupling efficiency of two cavity modes (1 and 2) calculated by FDTD 

simulations are far from ideal due to the non-uniformity of nanowire dimensions. Here, we also 

investigate the ideal scenario, where all 19 GaAs nanowires exhibit identical diameter of 220 nm 

and height of 1000 nm, then this nanowire cavity will show cavity Q-factor of ~ 38,800 and 

coupling efficiency of 23.8 % at a cavity peak wavelength of 1515 nm (Figure Figure 3.16(b)).  

The nanowires grown in this study for the demonstration of waveguide-coupled nanowire 

cavities are un-passivated GaAs nanowires. This implies that the emission observed in Figure 

3.15(b) is not from band-edge emission, but from surface states and impurity states,[103, 104] 

while the band-edge emission from the nanowires at GaAs bandgap around 800-900 nm is not 

observed due to the detector cutoff. Therefore, although the sharp cavity modes and the waveguide-

coupling observed here support the feasibility of proposed approach for monolithic and 

ultracompact lasers on SOI(001) photonic platforms, there is no optical gain overlapping with the 

cavity modes. For lasing, nanowires need to be made of materials with optical gain at these 

wavelengths, such as InGaAs or InGaAsP, and also need to have uniform dimension for high Q 

factor. As it has been recently shown that uniform InGaAs nanowires with proper passivation can 

be formed on patterned silicon platforms and room-temperature lasing at telecom wavelengths can 

be realized by this approach,[53, 70, 101] the proof-of-concept demonstration here suggests that 

telecom lasers on SOI(001) platforms can be realized by combining InGaAs nanowires with 

proposed approach. 
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3.3.5 Summary 

In summary, we have shown a method to deterministically control the growth direction of 

III-V nanowires on Si(001) and SOI(001) platforms by catalyst-free selective area epitaxy. The 

enabling technique is defining {111} planes on (001) substrates by wet chemical etching, where 

nanowires grow vertically with respect to the exposed planes. The GaAs nanowires grown on 

SOI(001) were free of threading dislocations due to the small interface area, and the effect of 

nanohole patterning on the nanowire geometry is investigated to understand the mechanism of 

growths on the slanted sidewalls. Using this approach, one-dimensional nanowire arrays are grown 

on SOI(001) platforms with optical waveguides and output grating couplers, from which 

waveguide-coupled photonic crystal cavity modes are observed by optically pumping the nanowire 

arrays. These results indicate that the proposed method can be employed for forming monolithic 

lasers on silicon photonic platforms. We believe that the proposed nanowire integration technique 

could be a building block for various nanophotonic and electronic components on (001) silicon-

based platforms, such as on-chip light sources, quantum emitters, filters/resonators, bio-/chemical 

sensors and vertical nanowire field effect transistors (FETs). 
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4. Fundamental properties of nanowire devices on silicon 

4.1 Overview 

Silicon photonics has become the dominant technology for developing next-generation 

computing and telecommunication systems, with all components built on SOI platform via 

monolithic or hybrid integration.[4] Additionally, III-V nanowires have garnered great interest in 

device application due to its numerous advantages, such as direct bandgap, extremely small 

dimensions, and capabilities in forming 3D architecture for different designs across 

multidisciplinary studies. Additionally, without the need for thick buffers, defect filter layers, or 

epitaxial template to grow dissimilar III-V on silicon platforms, nanowire technology platform can 

maintain high material quality free of threading dislocations and anti-phase boundaries (APBs), 

which makes it a promising approach in integrating III-V photonic devices on silicon. Nanowire 

technology has been widely investigated in various devices architectures with great initial success, 

including the III-V nanowire vertical transistors,[105] single and entangled photon emission from 

single quantum dot-embedded nanowire,[47] and monolithic integration of III-V nanowire lasers 

on silicon.[25, 70]  

For laser application, the bottom-up nanowires are widely employed by virtue of their optical 

properties. Most studies to date are demonstrated by optical pumping method, whereas the 

electrically driven nanowire devices, such as current-injected nanowire lasers or nonclassical 

emitters, remain challenging topics due to the inherent drawback of bottom-up techniques. In 

bottom-up nanowires, for both selective-area epitaxy and VLS method, these disadvantages 

include: (a) the large surface-area-to-volume ratio, leading to high non-radiative surface 
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recombination rate and short carrier lifetime, which could severely impact the quantum efficiency 

of nanowire devices, and (b) the difficulties in controlling the material interface and doping profile, 

caused by the kinetics of adatom diffusions during the nanowire epitaxy. Even though the bottom-

up approach has provided a promising scheme that could potentially circumvent the intrinsic 

limitations using conventional CMOS fabrication technique, such as the material incompatibility 

between III-V photonic devices and silicon platforms and the difficulty in down-scaling single 

device or component, understanding and exploiting the electrical properties of bottom-up 

nanowires are essential in achieving integration of practical and operable nanophotonic devices 

for silicon photonic applications. 

In this chapter, the primary objective is to gain the fundamental insight and understanding 

of bottom-up nanowire devices in terms of their electrical properties. Thus, we propose and 

investigate two structures with monolithic III-V nanowire devices on silicon platforms: (a) GaAs 

nanowire heterojunction diodes on SOI(111) substrates, and (b) GaAs/InGaAs nanowire LEDs on 

SOI(111). A robust fabrication process compatible with vertical nanowire devices has been 

developed and employed to build the vertical nanowire diodes and LEDs. In the first part, a 

nanowire diode with simple structure is monolithically integrated on n-type SOI(111) substrates. 

The temperature-dependent current-voltage (IV) characteristics are performed to reveal the quality 

of GaAs/Si heterointerface and the effectiveness of InGaP in-situ passivation. In addition, a 3-D 

computational model of nanowire structure is built in Synopsys TCAD Sentaurus to quantify 

different doping concentration in bottom-up nanowire by fitting the capacitance-voltage (CV) 

measurements. In the second part, an advanced axial structure with GaAs/InGaAs nanowire array 

is grown on SOI(111) substrates employing the developed fabrication process to build the vertical 

nanowire LEDs. Although the current injection is not uniform due to the height fluctuations within 
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the array, the electroluminescence (EL) from photonic crystal cavity mode is observed at room 

temperature (293K), which provides significant insights for design and optimization of the 

nanowire photonic devices in future studies.  

4.2 Nanowire diodes on silicon 

4.2.1 Introduction 

The emergence of silicon photonics led to an increased demand for miniaturized photonic 

devices and optical components. To date, the planar devices relying on the mature CMOS-

compatible processes are commercially favorable, in which the specifications, including the 

thickness, doping concentration and material interface, can be accurately delivered by using 

MOCVD or molecular beam epitaxy (MBE). However, for the planar devices, the process 

involving the mesa etching techniques typically requires an ex-situ passivation, such as sulfur 

treatment and deposition of oxide or nitride shell,[18] to terminate the dangling bonds on the etched 

surface.[106] When the dimensions of the devices shrink, the surface effect becomes increasingly 

pronounced, which eventually dominates the carrier transport in the devices. As a result, the 

scalability issue remains an obstacle in silicon photonic industry. 

In stark contrast, bottom-up nanowires are formed through diffusion and incorporation of 

adatoms, wherein the sidewall can preserve atomical sharpness by precisely controlling the growth 

conditions.[107] In addition, in-situ deposition of a large bandgap shell has made it possible to 

effectively passivate bottom-up nanowires.[108] Although the vertical III-V nanowires are 

considered a promising matrix for developing a wide variety of nanoscale electronic and photonic 
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devices due to their superior properties, they have certain inherent challenges, including large 

surface-area-to-volume ratio, difficulty in controlling the doping concentrations and material 

interface. Among these, the primary concern is the large surface-area-to-volume ratio of vertical 

nanowires, which significantly increases surface states that can serve as generation-recombination 

centers, resulting in low quantum efficiency and high leakage through the surface. In addition, 

another challenge for the bottom-up nanowires is the difficulty in controlling the doping 

concentration. Although it is theoretically possible to dope the nanowires to a similar level in thin 

film epitaxy,[109] the growth mechanism of bottom-up nanowires using selective-area epitaxy is 

intrinsically different, which makes it a difficult task to understand the incorporation rate of 

dopants. Furthermore, accurate determination of doping level in nanowires has been challenging 

due to their small dimensions, which typically requires specific techniques, such as four-point 

Figure 4.1 (a) Schematic of nanowire p-n heterojunction diodes. (b) The cross section of single nanowire 

diode with GaAs/InGaP core-shell structure on silicon-on-insulator (SOI) substrate. The diode is 

planarized by BCB polymer and covered with top contact. 
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probe resistivity measurements on mechanically transferred nanowires, atom probe tomography, 

and nanobeam X-ray fluorescence.[110-112] In this study, a simple diode structure with p-type 

GaAs is monolithically integrated on n-type SOI, as shown in Figure 4.1, where GaAs nanowires 

with different doping level are adopted to study the dopant incorporation rate in selective-area 

epitaxy. A straightforward approach is proposed to estimate the doping level in the bottom-up 

nanowires using TCAD Sentaurus, and as un undemanding tool, the method provides an insight 

on the doping concentration within bottom-up nanowires grown by selective-area epitaxy. 

4.2.2 Nanowire epitaxy and fabrication 

A 6-inch As-doped SOI(111) with dopant concentration of ~1 x 1019 cm-3 is employed as 

growth substrates for nanowire heterojunction diodes and LEDs. The wafer initially has a SOI 

layer of 220 nm and a buried oxide (BOx) layer of 2 m, and the SOI layer is thinned down to a 

thickness of 90 nm using an oxidation furnace system (Tystar Tytan 3600). Following the wafer 

thinning, a layer of LPCVD SiNx with 20 nm thickness is deposited as growth mask right after 

Piranha etch and BOE cleaning. Next, the nanohole array, which serve as nanowire growth sites, 

are patterned using e-beam lithography and ICP dry etching. Lastly, the SOI(111) wafer is diced 

into pieces with 8 mm x 8 mm for nanowire epitaxy. 
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The nanowire epitaxy is carried out by selective-area epitaxy using a low-pressure (60 torr) 

Emcore D-125 MOCVD reactor. The pre-growth sample is dipped in a 6:1 BOE solution for native 

oxide removal and is immediately transfered into the MOCVD reactor to prevent re-oxidation on 

growth sites. For the growth of device structure in Figure 4.1(b), the reactor temperature is first 

ramped up to 875oC to remove the native oxide during the sample transferring for 15 min. Next, 

the temperature is ramped down to 668oC for nanowire growth. The triethylgallium (TEGa) and 

tertiarybutylarsine (TBAs) precursors are simultaneously brought into the MOCVD reactor by the 

H2 carrier gas, where the V/III ratio is kept at 104 with material flux [TEGa] = 5.519 x 10-7 mol/min 

Figure 4.2 The SEM images of nanowire array in the upper panel and close-up SEM images in the lower 

panel of (a,b) intrinsic GaAs nanowire array, (c,d) p-type GaAs nanowire array, and (e,f) passivated p-type 

GaAs nanowire array with InGaP shell. Scale bars, (a,c,e) 5 m, (b,d,e) 500 nm. 
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and [TBAs] = 5.754 x 10-5 mol/min for 30 min. Meanwhile, for different doping level, the 

diethylzinc (DEZn) with material flux [DEZn] = 4.85 x 10-8 mol/min and 1.46 x 10-7 mol/min, 

denoted as Zn/Ga = 9% and Zn/Ga = 27%, are flowed into the MOCVD reactor via dilution line. 

Then, the large bandgap InGaP passivation shell with ~ 10-nm thickness is in-situ grown for 2.5 

min at 580oC to minimize the non-radiative Shockley-Read-Hall (SRH) and surface recombination. 

All the growth are terminated by shutting off the group-III precursors and cooling the reactor down 

to 300oC with the supply of group-V precursors to prevent desorption of nanowires. 

Figure 4.2 shows the step-by-step calibration sequence of the p-type GaAs on n-type 

SOI(111), in which the Figure 4.2(a,c,e) are the false color SEM images corresponding to the 

growth of intrinsic GaAs nanowire array, Zn-doped GaAs nanowire array, and InGaP passivated 

p-type GaAs nanowire array, respectively. Despite a 4.2% lattice-mismatch between the GaAs 

nanowire and Si substrate, the array consists of 30 x 30 nanowires and a high vertical growth yield 

of 97%-100% is maintained during the calibration growth, where a less than 3% fluctuation in 

overall growth yield suggests that the 2D array is promising to form high-quality band-edge 

photonic crystal cavity for laser applications. In addition, with the 30-degree-tilted SEM images 

in Figure 4.2(b,d,f) showing uniform diameters of ~200 nm and heights of ~1.05 m, the vertical 

nanowires exhibit an aspect ratio of ~5,  which can be manipulated by controlling the growth 

temperature.[35] It is worth noting that although some short stubs are formed during the nanowire 

growth, labeled in red in Figure 4.2 (a,c,e), these can be directly fixed by tuning the growth 

condition, such as growth temperature and V/III ratio. Also, the short stubs do not impact the diode 

characterization and the number will be subtracted in the analysis. 
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4.2.3 Device fabrication 

Following the nanowire epitaxy, we employed a novel fabrication process that is compatible 

with general vertical nanowire nanoelectronics and photonic devices to build the nanowire 

heterojunction diode. The detail step-by-step fabrication process is schematically depicted in 

Figure 4.3, while the significant fabrication process with SEM images is highlighted in Figure 4.4. 

First, the as-grown vertical nanowire array, as shown in Figure 4.4(a), is planarized by 

benzocyclobutene (BCB) polymer, an electrically insulating medium that serves as a support layer 

to isolate the top contact from the bottom contact, and the BCB film is cured at 250oC for an hour 

to turn the BCB polymer into BCB-based dielectric. Next, the 1st BCB etch-back process is carried 

Figure 4.3 General fabrication process compatible with vertical nanowire devices, and six major steps are 

shown with an order from top-left to bottom-right: nanowire epitaxy, nanowire planarization using BCB 

polymer, 1st BCB etch-back process to expose the tips of nanowires, 2nd BCB etch-back process to expose 

the n-type SOI layer for contacting, deposition of bottom contact, deposition of top contact. 
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out using ICP dry-etch, where the tips of nanowire with a thickness of ~ 100 nm are precisely 

exposed for top metal contact. The cross-sectional image is depicted in Figure 4.4(b) along with 

the close-up SEM images, in which the exposed tips of nanowire array have an average height of 

115 nm with ± 25 nm, caused by the fluctuations within the total height of nanowire array. 

Following the 1st BCB etch-back, the sample is mildly cleaned by Matrix Asher system to strip the 

BCB residues left on the tips of nanowires. Then, the 2nd BCB etch-back process is used to remove 

the silicon nitride and expose the n-type SOI layer. Finally, an bottom Al contact with thickness 

of 200 nm and an top Au/Zn/Au contact with thickness of 20 nm/20 nm/200 nm are respectively 

deposited on n-type SOI layer and exposed tips of nanowire array. The SEM image of the nanowire 

heterojunction diodes after the final top metal deposition is shown in Figure 4.4(c), in which 

Figure 4.4 Key fabrication processes of vertical nanowire devices. The schematic illustration of cross-

sectional and SEM images of (a) bottom-up nanowires grown by selective-area epitaxy, (b) 1st etch-back 

process after BCB planarization with exposed tips of nanowires, and (c) the exposed tips of nanowires 

coated with Au/Zn/Au top metal contact. 
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although it is difficult to observe from the SEM image, all the tips are conformally covered with 

top metal contact. 

4.2.4 Electrical characterization 

The electrical characterization of the vertical nanowire heterojunction diodes is carried out 

in a LakeShore PS-100 cryogenic probe station. First, the temperature-dependent current-voltage 

(I-V) characteristics of the nanowire doping level with Zn/Ga = 27% are plotted from 0V to ± 2V 

in Figure 4.5, with the temperature ranging from 77K to 300K in a temperature interval of 20K. 

Figure 4.5 Temperature-dependent I-V characteristics of nanowire heterojunction diodes with the doping 

concentration of Zn/Ga = 27%. 
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Since the measurement is carried out in a dark ambient, we can assume the diode characteristics 

in forward bias regime following the Shockley equation without considering the effect of 

photocurrent and shunt path: 

𝐼 = 𝐼0 {𝑒𝑥𝑝 [
𝑞(𝑉−𝑅𝑆𝐼)

𝑛𝑘𝐵𝑇
] − 1},     (4.1) 

where I0 is the saturation current,  is the ideality factor, Rs is the series resistance, and kB is the 

Boltzmann constant. In this regard, the forward bias I-V characteristic along with the calculated I-

V curve using Equation (4.1) is depicted in Figure 4.6(a), where I0 = 4.74 x 10-9 A,  = 1.9, Rs = 

17.95 k are the extracted values, suggesting that the generation-recombination process is 

dominating the carrier dynamics in low injection regime. In addition, although the diode exhibits 

a positive rectification ratio of 10 at 1V, in both forward and reversed biasing, at 300K in Figure 

4.5, the rectification is much lower than the vertical nanowire homojunction diodes,[84] indicating 

Figure 4.6 (a) The fitting curve of the forward biasing current at 300K by Shockley equation. The fitted 

values include the series resistance Rs = 17.95 k, ideality factor  = 1.9, and saturation current I0 = 4.742 

nA.  (b) Arrhenius plot of the saturation current and the activation energies. 
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that the potential sources of dark current could be originated from the high trap densities in (1) the 

bulk material of nanowire, and (2) the GaAs/Si heterointerface, assuming the InGaP shell is 

sufficient to passivate the surface states on p-type GaAs according to our previous study.[84, 113] 

Based on the speculation, to gain further insight on the origin of the dark current, the 

activation energy is estimated by the Arrhenius plot in Figure 4.6. of saturation current, extracted 

from the temperature-dependent I-V curves, given by the following equation: 

𝐼0, 𝐼𝑑 ∝ 𝑒𝑥𝑝 (
𝐸𝑎

𝑘𝐵𝑇
),     (4.2) 

where I0 is the fitted saturation current based on the Shockley equation, Id is the dark current at V 

= -0.05 V, Ea is the activation energy. Both results yield the activation energy Ea = 46 meV near 

room temperature, which shows a drastic discrepancy with our previous InGaP-passivated GaAs 

nanowire.[84] Since fermi level pinning at mid bandgap due to the InGaP passivation is not 

observed, such shallow states are dominating in the existence of passivation shell, strongly 

suggesting the possibility of other leakage sources. The major cause could be from the high density 

of misfit dislocations in the nanowire/substrate heterointerface due to the large lattice-mismatch 

between GaAs and Si, which has been observed in other study,[105] leading to high generation-

recombination current near the junction area. As a result, one potential way to mitigate the effect 

is via introducing a n-type short segment as the bases of nanowires to move the junction away 

from the heterointerface and thus effectively minimize the capture-emission processes of carriers 

within depletion region. In other words, by moving the depletion region to other segment of 

nanowire with high material quality, the proposed method could potentially improve the current 

characteristic in the low-injection and reversed biasing regime. 
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4.2.5 Model setup 

Since the growth mechanism of selective-area epitaxy is intrinsically different from the thin 

film epitaxy, the quantification of doping concentration in nanowire devices remains a challenge 

due to the extremely small dimensions of nanowires. In this study, without the need of specific 

and sophisticated measurement setup, such as four-point probe resistivity measurements and 

nanobeam X-ray fluorescence, we have developed a theoretical approach to estimate the doping 

level in nanowires by fitting the capacitance-voltage (C-V) curves of nanowire diodes using 

electrical modeling in 3D TCAD Sentaurus. The 3D electrical model, based on the actual 

dimensions of nanowires in SEM images in Figure 4.2, is schematically depicted in Figure 4.7. In 

Figure 4.7 3D electrical modeling by using TCAD Sentaurus to solve the Poisson’s equations of electrons 

and holes at steady state. 
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the simulation, every interface and surface are considered as nonideal condition with the effects of 

Shockley-Read-Hall (SRH) recombination and surface recombination. The summary of materials 

and parameters used in the simulation can be found in Table 4.1. 

 In Figure 4.8(a), the 2D cross-section views of electric field profile in nanowire diodes are 

shown reverse-biased scanning from Vrb = 0V to Vrb = 2V, with the electric field distributions at 

Vrb = 0V and Vrb = 2V in the upper panel. Since the doping level in the substrate (1 x 1019 cm-3) is 

much higher than the one in the nanowire, the result can be regarded as an one-sided abrupt 

junction diode (with ND >> NA in thermal equilibrium), which can be clearly observed from the 

electric field distribution within the device, where the depletion is extended primarily into the 

nanowire and is immediately stopped in the substrate at Vrb = 0V. The same cases have been 

observed from simulated depletion region in Figure 4.8(b) as a function of reversed bias voltage 

for p-type doping concentrations in nanowire ranging from 1 x 1016 to 1 x 1018 cm-3 with the 

depletion region located within the nanowire at Vrb = 0V. For the case of low doping concentration 

(< 3 x 1016 cm-3), almost the entire nanowire is depleted, which could immediately increase the 

Table 4.1 Summary of material parameters used in the TCAD electrical simulations. 

 Material parameters Values 

Nanowire diode 

Doping concentration 1 x 1016 – 1 x 1018 cm-3
 

Diameter (d) 200 nm 

Height (h) 1100 nm 

InGaP shell 5 nm 

BCB Thickness 1000 nm 

SOI substrate 
Doping concentration 1 x 1019 cm-3 

Thickness 90 nm 
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dark current level due to the surface states and misfit defects in heterointerface. As the reversed 

bias voltage increases to Vrb = 2V, the edge of depletion region moves gradually in the nanowire 

body toward the boundary of BCB and vacuum. For doping levels lower than 6 x 1016 cm-3 in 

nanowire, the edge of depletion region is eventually pinned at the BCB surface as the voltage 

increases. Next, we examine the C-V characteristics of nanowire heterojunction diodes and employ 

an empirical equation to estimate the doping concentration in the nanowire. 

To estimate the doping level in nanowires, the C-V measurement of the heterojunction 

diodes is first performed in the LakeShore Probe Station with the Agilent E4890A LCR Meter, 

Figure 4.8 (a) the 2D electric field distribution in the nanowire cross-section at 0V and -2V and the 1D 

electric field distribution along the center axis of nanowire from 0V to -2V. (b) The depletion region edge  

in nanowire as a function of reversed bias voltage for p-type doping concentrations ranging from 1 x 1016 

to 2 x 1017 cm-3. 
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and the capacitance of diodes with nanowire doping level Zn/Ga = 9% and Zn/Ga = 27% are 

plotted as a function of reversed bias voltage in Figure 4.9 as blue and red solid lines, respectively. 

To date, most estimations on nanowire doping level are based on the assumption of the capacitance 

(C) ∝ (depletion region width, WD)-1.[84, 113] Nevertheless, due to the large aspect ratio of vertical 

nanowire, the relationship of the capacitance and depletion region width is not valid, which 

neglects the effect of fringing electric field.[114] Here, we employ an empirical expression for 

normalized capacitance of parallel-plate disk with large aspect ratio:[115]  

𝐶 =
𝐶

𝐶0
∝ 1 + 2.367𝑏0.867 (0.005 < 𝑏 ≤ 5.0),  (4.3) 

𝐶 =
𝐶

𝐶0
∝ 1 + 2.564𝑏0.982 (0.5 ≤ 𝑏 ≤ 5.0),   (4.3) 

where 

𝐶0 =
𝜖∙𝜋𝑟2

𝑊𝐷
,       (4.4) 

C0 is the capacitance of the parallel-plate disk, b is the aspect ratio of the depletion region,  is the 

permittivity of GaAs, and r is the radius of the nanowire. In this manner, with the extracted 

depletion region width in Figure 4.8(b), the normalized capacitance of the nanowire heterojunction 

diode can be calculated by Equation (4.3), and the results based on the simulation with doping 

concentration of 4 x 1016 cm-3 and 6 x 1016 cm-3 are plotted in Figure 4.9 in black dots and magenta 

dots, which align with the trend of measurement results. As a result, we can estimate the doping 

concentration in the p-type GaAs nanowires with doping level Zn/Ga of 9% and 27% 

corresponding to ~4x1016 cm-3 and ~6x1016 cm-3, which comes into good agreement with the 

current results in probing the doping concentration in nanowires by nano X-ray fluorescence and 

four-probe measurements. [111] 
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4.2.6 Summary 

In summary, a nanowire p-n heterojunction diode is monolithically integrated on SOI 

substrates, and the electrical characterizations are performed to understand the fundamental 

properties of nanowire devices and to potential improve the electrical performance for future 

studies. The shallow states Ea = 45 meV near room temperature suggests that there are potential 

dark current sources existing in the nanowire diodes, including high trap densities in the bulk 

material of nanowire or in the heterointerface, in which we speculate that the Si/GaAs interface 

could be the primary concern of the leakage in the devices. An effective way to reduce this effect 

Figure 4.9 C-V measurement of nanowire heterojunction diodes with doping level of Zn/Ga = 9% and 

Zn/Ga = 27%, and the calculated C-V curves by using the empirical equations of normalized capacitance 

with TCAD simulation results of 4 x 1016 and 6 x 1016 cm-3. 
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is by introducing a short n-type segment at the base of nanowire to tailor the vertical location of 

depletion region, which can minimize the overlap of the interface defects and the strong electric 

field area to reduce the generation-recombination process in the junction. In addition, a robust and 

straight-forward approach by employing the TCAD Sentaurus electrical modeling and C-V 

characteristics of vertical nanowire diodes is developed to estimate the doping concentration in the 

nanowire. The results in this study preserve the genuine electrical properties of vertical nanowires 

grown by selective-area epitaxy, which is an essential steppingstone to electrically improve the 

device performance in other vertical nanowire electronics and photonic devices. 

4.3 Nanowire diodes on silicon 

4.3.1 Introduction 

In this study, we attempt on an initial demonstration of 2D nanowire array LEDs with 

photonic cavity modes as proof-of-concept devices. As an advanced structure, the vertical 

nanowire LEDs with p-type GaAs on intrinsic InGaAs is monolithically integrated on an n-type 

SOI substrates. The electroluminescence from the photonic cavity modes is observed at room 

temperature. However, the device operation is impeded by the non-uniform current injection, 

which is stemming from the growth of the 2D nanowire array. To address this problem, a potential 

solution composed of 1D nanowire array is proposed to minimize the non-uniformity among the 

growth of nanowire array, and thus improve the device performance. 
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4.3.2 Design 

The design of nanowire LED with 2D photonic crystal cavity is studied by the 3D FDTD 

simulations using Ansys-Lumerical. The model is setup based on the actual devices including the 

effect of BCB dielectric layer and contacting metal layer, which is schematically depicted in Figure 

4.10(a). In the design, the proposed structure consists of a 2D nanowire array integrated on the 

SOI substrates with 80-nm-thick silicon layer and a buried oxide layer, and all the simulation 

parameters can be found in Table 4.2. As an initial demonstration of nanowire LEDs, the 

architecture is inherited from our previous optically pumped laser design,[24] in which we 

consider the presence of the BCB supporting layer and metal layer. 

Since the contacting metal on top of nanowire array can cause high absorption and severely 

impact the Q-factor of the photonic cavity, the vertical nanowire with total height of 2200 nm 

(1400 nm in GaAs segment and 800 nm in InGaAs segment) is adopted to minimize the overlap 

of electric field and contacting metal and confine the electric field near the base of nanowire array. 

Figure 4.10 (a) The schematic illustration of the vertical nanowire LEDs, including the cross-section view 

of individual nanowires with GaAs/InGaAs heterostructure. (b) The electric field profiles of the 13 x 13 

nanowire array, showing leakage near the BCB/Au boundary. 
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The electric field profile of the device is shown in Figure 4.10(b) with each component labeled in 

white dotted lines, where it can be clearly seen that the Q-factor is ~3400 at an operation 

wavelength of 1280 nm, which is an order smaller than the 1D photonic cavity with artificial defect 

shown previously in Section 3.3.2. The decrease of the Q-factor could be attributed to the following 

reasons. First, only 13 x 13 nanowires are used in the simulation model to account for the photonic 

band-edge cavity modes, which could be the major cause of the low Q-factor due to the dissipation 

of cavity mode electromagnetic fields at the boundary of the nanowire array. In other words, we 

expect that the actual devices with dimension of 2D nanowire array larger than the simulation 

setup could maintain a higher Q-factor. Secondly, even though we have employed the taller 

nanowire to enhance the optical confinement near the base of nanowire array, the absorption 

caused by the contacting metal layer is still unavoidable, resulting in huge optical loss near the 

boundary of the nanowire and metal layer in Figure 4.10(b). 

Table 4.2 Summary of material parameters used in the optical simulation. 

 Material parameters Values 

2D Nanowire array 

Nanowire diameter (d) 130 nm 

Pitch 260 nm 

Refractive index (GaAs) 3.42 

InGaAs height 1400 nm 

Refractive index (InGaAs) 3.6 

GaAs height 800 nm 
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4.3.3 Nanowire epitaxy and fabrication 

The nanowire epitaxy is carried out in a similar manner as elaborated in Section 4.2.2 using 

a low-pressure (60 torr) Emcore D-125 MOCVD reactor. A 6-inch n-type SOI(111) with dopant 

Structure 
Refractive index (BCB) 1.54 

Refractive index (Au - Palik) 0.41+8.31i 

SOI substrate 
Si thickness 80 nm 

BOx thickness 2000 nm 

Figure 4.11 The SEM images for growth of vertical nanowire LED structure with nanowire array in the 

upper panel and zoom-in images in the lower panel: (a) intrinsic InGaAs nanowire array, (b) p-GaAs/i-

InGaAs nanowire array, (c) p-GaAs/i-InGaAs nanowire array with InGaP shell, and (d) the schematic 

illustration of the final vertical nanowire LED structure. Scale bars, (upper panel) 5 m, (lower panel) 500 

nm. 
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level of ~1 x 1019 cm-3 is used as growth substrates for nanowire LEDs. The precursors used in 

this study include the TMIn, TEGa, TBAs, TBP, and DEZn. First, the reactor temperature is 

ramped up to 875oC for 15 min to remove the native oxide. Next, the temperature is ramped down 

to 664oC to grow the GaAs seeding layer. The TEGa and TBAs precursors are brought into the 

MOCVD reactor by H2 carrier gas, where the V/III ratio of ~102.5 is maintained with material flux 

of [TEGa] = 5.419 x 10-7 mol/min and of [TBAs] = 5.556 x 10-5 mol/min for 5.5 min. Then, the 

temperature is ramped down to 650oC for 15 min to grow InGaAs segment, using the material flux 

of [TMIn] = 8.981 x 10-8 mol/min, [TEGa] = 3.713 x 10-7 mol/min and [TBAs] = 3.691 x 10-5 

mol/min with V/III ~ 73. Following the growth of InGaAs, the p-type GaAs segment is grown at 

669oC for 30 min with [TEGa] = 4.014 x 10-7 mol/min, [TBAs] = 5.953 x 10-6 mol/min, and [DEZn] 

= 4.550 x 10-8 mol/min. Lastly, an InGaP shell is grown at 570oC for 2 min for surface passivation, 

and the growth sequence is terminated by ramping down to 300oC with over-pressured group-V 

precursors to prevent the nanowire desorption. 
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The growth calibration of the vertical nanowire LED structure is shown sequentially by the 

false-colored SEM images in Figure 4.11(a-c) along with the final structure schematically depicted 

in Figure 4.11(d). With the insertion of seeding layer, the InGaAs nanowire array is grown on the 

SOI substrates with a diameter of 170 nm and height of ~600 nm, maintaining high uniformity and 

yield (>98%). Next, the p-type GaAs is grown on top of the InGaAs nanowire array, which is 

highlighted with a different color in Figure 4.11(b). Nearly no diameter increasing is observed 

after the growth of p-GaAs segment, indicating that the radial growth of p-GaAs is suppressed by 

controlling the growth condition. Lastly, after the InGaP shell growth, the nanowire array shows 

slightly lower yield with a diameter of 187 nm and height of ~ 1.96 m in Figure 4.11(c). The 

difference in diameter suggests that the thickness of InGaP shell is ~8 nm, which is sufficient to 

passivate the deleterious surface states. It should be noted that the array shown in Figure 4.11 is 

for calibration purpose due to high-density of nanowires in the LED design, while the nanowire 

array for fabrication purpose with a total number of N = 7056 nanowires is shown in Figure 4.12. 

In Figure 4.12(a), the array with the final structure exhibits a yield ~98% and a highly uniform 

Figure 4.12 The SEM images of nanowire LEDs of (a) full array with 30-degree tilting angle, and the top-

view SEM images of the vertical nanowires (b) in the center, and (c) near the edge of the array. Scale bars, 

(a) 5 m, (b) 500 nm, (c) 200 nm. 
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nanowire diameter of ~170 nm in Figure 4.12(b) is observed in the center area of the array. 

However, the edge nanowires in Figure 4.12(c) are generally thicker and taller than the ones in the 

center area. Such increment in size of edge nanowires is likely caused by the imbalanced material 

flow within the large 2D array. In addition, the edge nanowires are slightly bent outward from the 

array, which is another evidence of imbalanced material flow during the growth of nanowire. We 

speculate that the thickness of InGaP shell is not uniform in the edge nanowires, and thus the edge 

nanowires are bent due to the strain induced in the InGaP/InGaAs segment and the InGaP/GaAs 

segment. 
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Following the selective-area epitaxy nanowire growth, the identical fabrication process 

developed for vertical nanowire devices, shown in Figure 4.3, is employed to build the nanowire 

LEDs. The as-grown nanowire array is planarized by BCB polymer. Next, two BCB etch-back 

processes are carried out to precisely expose the tips of nanowires and the n-type silicon substrates 

for top and bottom metal contact, respectively. Lastly, an indium tin oxide (ITO) thin film, a 

transparent conductive oxide (TCO), and an aluminum layer are patterned and deposited as top 

and bottom contact for nanowire LEDs. Similarly, the key fabrication processes with the SEM 

images are featured in Figure 4.13. First, the vertical nanowire array grown by selective-area 

epitaxy is shown in Figure 4.13(a). After the 1st and 2nd BCB etch-back processes, the tips of 

Figure 4.13 Key fabrication processes for vertical nanowire LEDs, with schematic illustrations of 2D cross-

section in the upper panel and the corresponding SEM images in the lower panel: (a) bottom-up nanowire 

array grown by selective-area epitaxy, (b) the exposed tips of nanowire array after 1st and 2nd BCB etch-

back processes, and (c) the exposed tips of nanowires deposited with Ti/ITO as transparent top metal 

contact. Scale bars are (a,b,c, lower panel) 250 nm. 
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nanowire with thickness of ~100 nm are exposed for top metal contact, as shown in Figure 4.13(b). 

Lastly, in Figure 4.13(c), a thin layer of Ti/ITO with 4 nm/300 nm is deposited as the transparent 

top metal contact. 

4.3.4 Optical characterization 

The electrical and optoelectric performances of the vertical nanowire LEDs are characterized 

by forward-biasing the devices. First, light-current-voltage (L-I-V) curves are measured separately 

at room temperature using a -EL setup (L-I curve) and LakeShore Probe Station (I-V curve), 

which is shown in Figure 4.14(a). The vertical nanowire LEDs with a p-i-n heterostructure show 

Figure 4.14 (a) L-I-V characteristics of the nanowire LEDs operating up to 4 mA at 300K with the near-

field emission pattern at 3 mA captured by a 2D focal planar array InGaAs detector in the inset. (b) Emission 

spectra of nanowire LEDs at current injection level of 1 mA, 2 mA and 3 mA. 
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a turn-on behaviour of I-V linear dependency at around 2V. From the L-I charateristic, the EL 

intensity linearly increases with the injection current without showing any signature of intensity 

rollover up to 4 mA, suggesting that the vertical nanowire devices can be operated in high injection 

regime without thermal degradation. Such robust performance will be beneficial for various 

nanoelectronic devices, such as transistors and lasers. 

Next, the emission from the nanowire LEDs is characterized by a microelectroluminescnece 

(-EL) setup using a spectrometer (SP-2500i, Princeton Instruments) and a liquid nitrogen-cooled 

InGaAs focal plane array detector (2D-OMA, Princeton Instruments). DC probes are used to 

operate the LED, and the EL from the LEDs is collected via a 50x objective lens and resolved by 

the spectrometer. The EL spectra at current-injection level of 1 mA, 2 mA, and 3 mA are plotted 

in Figure 4.14(b), in which all the spectra show multiple sharp peaks within the range of 950 –

1100 nm. The sharp emissions indicate the existance of cavity modes in the 2D vertical nanowire 

LEDs composed of square-lattice photonic crystal. However, the peak with the narrowest 

linewidth is positioned around 1100 nm with FWHM of 16 nm, corresponding to a Q-factor of 70. 

In addition, the relative intensity of these peaks did not increase by increasing the injection current, 

indicating that there is no optical gain, which could be due to the low Q-factor. Although we have 

achieved growing the 2D nanowire array with high yield and uniformity, the low Q-factor cavity 

can be attributed to the high-order band-edge modes of nanowire-based square-lattice photonic 

crystals. Lastly, the inset in Figure 4.14(a) shows the near-field emission pattern of nanowire LED 

at 3 mA measured by 2D focal planar array InGaAs detectors. The emission intensity from 

nanowire arrays are uniform, indicating that the current is injected uniformly into each nanowire. 
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4.3.5 Summary 

In summary, we have demonstrated the design, growth technique, fabrication, and 

characterization of III-V vertical nanowire LED based on a p-i-n heterostructure, which is 

monolithiclly integrated on SOI platform. The fabricated nanowire LEDs exhibit robust and 

reliable device performance operated at room temperature, along with the presence of photonic 

cavity modes. Although only the cavity modes with low Q-factor are observed, the approach 

represents a cornerstone for fundamental understanding of optical and electrical properties of III-

V nanowires on silicon platform, which will be essential to establish various vertical nanowire 

electroinic and photonic devices for silicon photonic applications. 
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5. Conclusions and prospects 

5.1 Conclusions 

The primary goal of this dissertation is to develop the pathway toward on-demand 

single/entangle photon sources monolithically integrated on silicon photonic platform. These non-

classical light sources are the essential components to achieve miniaturization of solid-state 

quantum network with unbreakable security. By dividing the study into 3 phases, we have 

demonstrated: (1) growing high-quality III-V quantum dot-embedded nanowire on silicon, (2) 

monolithic integration of III-V nanowire on SOI(001) photonic platform, (3) robust electrical and 

optoelectrical properties of III-V nanowire on silicon. 

First, we have shown the integration of vertical InP nanowires with InAsP quantum dots on 

Si substrates using the VLS method, in which the InP/InAsP interface with atomic sharpness is 

investigated by the STEM and EDS techniques. Both results suggest that such high-quality 

interface is sufficient to provide 3D quantum confinement for exciton-biexciton generation. The 

signature of quantum dot with extremely narrow optical transition has been observed. In addition, 

the first proposed approach is a potential approach to forming high-quality semiconductor quantum 

dots with tunable wavelength in silicon-transparent regime for various applications. 

Second, we have demonstrated, for the first time, deterministic growth of III-V nanowires 

on SOI(001) photonic platform by selective-area epitaxy. By employing wet chemical etching on 

silicon, the orientations of nanowires can be tailored according to the exposed {111} planes on 

(001) substrates. The 1D GaAs nanowire array, free of threading dislocations, are integrated on 

SOI(001) along with photonic waveguide and output couplers. The photonic crystal cavity modes 
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are observed at output couplers via waveguide by optical pumping the 1D nanowire array. As a 

result, the second approach represents a versatile matrix for integration of III-V nanowire-based 

electronic and photonic components on silicon photonic platforms. 

Third, a vertical nanowire diode with simple p-n heterojunction is integrated on silicon 

substrate to study the fundamental properties of nanowire electronics. The results suggest that, 

other than the surface states, the misfit defects located near the GaAs/Si interface could be the 

major dark current sources in the devices. In addition, we have developed a robust approach to 

estimate the doping concentration in the nanowire using TCAD Sentaurus modelling and CV 

characteristic without sophisticated measurement setup. Next, a more advanced vertical nanowire 

LED structure with p-i-n heterostructure are demonstrated on silicon substrates, in which the 

electroluminescence from the photonic cavity modes is observed. In addition, the fabricated 

nanowire LEDs show robust and reliable device performance at room temperature, strongly 

suggesting the promises of vertical nanowire-based electronic and photonic devices. 

All these results represent individually essential foundations toward achieving integration of 

high-quality, orientation-controlled III-V nanowire-based nonclassical light sources on silicon 

photonic platforms. However, more studies and further optimizations are needed to improve the 

integration yield and reliability of the whole processes. In Chapter III, although we have shown 

the potential to control the growth direction of III-V nanowire array on SOI(001) substrates, the 

lack of gain medium layer and the poor uniformity of the 1D array remain two critical issues for 

practical and realistic applications. In Appendix A, we further inspect the cause of epitaxial 

challenge by attempting to grow InGaAs segment with GaAs seeding layer, from which we firmly 

believe that, by improving the patterning technique of nanoholes, the nanowire epitaxy on (001)-

oriented substrates can achieve high yield and uniformity. In addition, the signatures of bottom-up 
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semiconductor nanowires—accurately forming core/shell and axial heterostructures—will become 

viable. On top of that, in order to achieve III-V nanowire device applications in quantum photonic 

integrated circuits and quantum cryptography, we have proposed a novel design on the realization 

of nanowire non-classical light sources on SOI(001) platforms integrated with photonic waveguide 

using catalyst-free selective-area epitaxy in Appendix B. 

To sum up, this dissertation has systematically shown a pathway toward, but not limited to, 

building practical non-classical light sources monolithically integrated on silicon photonic 

platform. We believe that the results individually not only pave the way for hybrid integration of 

III-V nanowires on silicon photonic platforms but also have substantial influences on nanowire-

based electronic and photonic device implementation in diverse fields, such as chemical and 

medical nano-sensors, SWIR and MWIR detectors for industrial or military purposes, nano-lasers 

for telecommunication, and nanoscale transistors. 
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Appendix A. Attempt growth of InGaAs on SOI(001) 

In Chapter 3, we have demonstrated the idea of integrating and controlling the growth 

direction of GaAs nanowires on SOI(001) substrates by employing the wet-etch technique on 

silicon. However, in the study, the nanoholes, as growth sites, are patterned by dry etching on a 

inclined {111} sidewalls. It is not hard to imagine that the process can shape the nanoholes into 

slanted slots as shown in the Figure A.1(a), where the opening on the SiNx growth mask follows 

the dry etching direction due to its anisotropic property. Such asymmetric growth site could 

significantly impact the growth yield, as the Si(111) surface is not uniformly exposed for nanowire 

epitaxy and it can also be underexposed, as depicted in the high-resolution STEM image in Figure 

A.1(b), in which the GaAs nanowire is stemming only from a limited contacting area on Si 

substrates. This effect becomes even more pronounced when attempting to grow the InGaAs 

segment. 

Figure A.1 (a) Schematic illustration of GaAs nanowire grown from the asymmetric nanoholes on SiNx 

patterned by dry-etching technique. (b) The STEM images of nanoholes patterned by dry-etching method. 

Scale bars, 100 nm. 
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For the growth of InGaAs nanowire, the MOCVD reactor is first ramped up to 875oC and is 

kept for 15 min to remove the native oxide. Next, the temperature is ramped down and stabilized 

at 660oC for nanowire epitaxy. Meanwhile, the precursors, [TEGa] = 7.727 x 10-7 mol/min and 

[TBAs] = 5.080 x 10-5 mol/min, are brought into the reactor simultaneously for only 3 min for 

seeding layer growth. Figure A.2(a) shows the growth of nanowires just passing the nucleation 

phase, in which the short and skinny segments are grown from the center of the openings and the 

heights are fluctuating, both clearly indicating that the incorporation of adatoms is limited to a 

Figure A.2 The SEM images of InGaAs growth using GaAs seeding. (a) The un-calibrated GaAs seeding 

layer, grown at 660oC for 3 min, showing fluctuation in dimensions. (b) The GaAs seeding layer with well-

controlled thickness filling the nanoholes. (c) The irregular growth of InGaAs layer using seeding condition 

in (b), grown at 660oC for 40 min. 
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small portion of the exposed silicon and the exposed area is not uniform. In order to minimize this 

effect, we reduce the growth temperature from 660oC to 640oC and keep the growth time at 3 min, 

by which the nanowires tend to growth laterally since the radial growth rate is not suppressed at 

lower growth temperature.[35] It can be observed from Figure A.2(b) that the GaAs short segments 

are completely filling the growth sites. Furthermore, there is no chunk-like nucleation in the 

seeding layer, which is usually caused by polycrystalline growth in nanowire epitaxy, suggesting 

that the condition of GaAs seeding layer is sufficient for growth of InGaAs nanowires.  

However, with the seeding condition well-controlled, the InGaAs segments are mostly 

grown in short stubs and irregular flakes. One example, grown with [TMIn] == 1.318 x 10-7 

mol/min, [TEGa] = 3.011 x 10-7 mol/min and [TBAs] = 3.294 x 10-5 mol/min at 660oC for 40 min, 

is shown in Figure A.2(c). We speculate that the cause of this issue could be attributed to the 

seeding condition. Even though the growth of GaAs seeding layer seems to be well-controlled, the 

result is still based on the asymmetric growth sites in Figure A.1(b), which also makes the growth 

trend difficult to analyze. This again confirms the importance of improving the patterning skill for 

nanoholes on inclined {111} surfaces. Due to the fact that the growth sites are sitting on the {111} 

sidewalls of SOI(001) substrates, we here propose that, by adopting the wet-etching technique, 

such as phosphoric acid or BOE, to develop the nanoholes,[116] the sidewalls of the nano-

openings in Figure A.2(b) can approach almost vertical with respect to the {111} surfaces. As a 

result, we firmly believe that the issue of slanted growth sites can be effectively reduced, and 

further studies on growing heterostructure could be viable for various applications. 
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Appendix B. III-V nanowire non-classical light sources on 

SOI stand silicon photonic platforms 

Beyond this study, we propose a device concept combining the key outcomes in this 

dissertation to epitaxially grow InAsP quantum dot encapsulated in InP nanowires on SOI(001) 

standard photonic platform using catalyst-free selective-area epitaxy. In GaAs/InGaAs system, the 

unintentional In1-xGaxAs gradient layers, caused by the indium-gallium atomic interdiffusion at 

the interface, meddles with the InGaAs quantum dot composition and the surrounding GaAs layers. 

This can severely impair the carrier confinement in the junction. To minimize this effect, the 

InP/InAsP matrix with lower material interdiffusion coefficient is employed to form a quantized 

structure. The proposed structure is shown in Figure B.3(a), in which a thin GaP seeding layer is 

Figure B.3 (a) Schematic illustration of the proposed single nanowire non-classical light sources on 

SOI(001) photonic platforms. (b) The cross-section view of the electric field profile in the nanowire. (c) 

The electric field profile in the proposed structure. 
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used as seeding for integrating InP nanowires on silicon due to smallest lattice mismatch (~0.37%) 

among all the III-V semiconductors with Si, which has been successfully demonstrated with high 

yield. [117] In order to achieve array-based quantum computing, the group and single nanowire is 

adopted in the design. The nanowire with a diameter of 280 nm has been theoretically shown ideal 

for exciton-biexciton states at wavelength of 1205 nm coupling to the HE11 mode provided by the 

nanowire waveguide, which can be seen in the electric field profiles in Figure B.3(b) and (c). In 

addition, with the inclined nanowires attached on the (111) sidewalls from (001)-oriented 

substrates, the design is beneficial for HE11 mode coupling to the SOI waveguide. Besides, the 

dimension of the InAsP quantum disk, both the radius and thickness, can be tailored by controlling 

the growth condition, which provides another freedom additional to ternary compound 

composition to manipulate the emission wavelength potentially covering the telecom wavelength 

for future quantum optical communication applications. 
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