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Abstract 

The rapidly growing Internet services put a higher bandwidth requirement on datacenters. A low-

power and low-cost photonic integrated circuit (PIC), using wavelength division multiplexing 

(WDM), holds the promise to further scale the density, reach, and bandwidth needed for next-

generation datacenter networks. Multi-guide vertical-integration (MGVI) scheme improves 

device yields, saves substantial fabrication costs and offers many other advantages. The AlxGa1-

xAs semiconductors provide optical gain and allow for the monolithic integration of different 

active and passive components. In this thesis, we demonstrate the vertical integration of optical 

waveguides via the MGVI scheme in the AlxGa1-xAs semiconductors.  

First, we begin by developing wet chemical etching techniques and demonstrate sacrificial 

etching of AlxGa1-xAs layers with a low aluminum content against layers with a high aluminum 

content. We also demonstrate sacrificial etching of Al0.7Ga0.3As layers against AlxGa1-xAs layers 

with x < 0.5 in hydrofluoric acid (HF) solutions, and fabricate suspended waveguides. Second, 

we develop inductively-coupled plasma reactive ion etching (ICP-RIE) recipes which enable 

highly precise and anisotropic etching. We fabricate 800-nm wide and 3.2-µm deep straight 

AlxGa1-xAs waveguides and measure a propagation loss of 6.7 dB/cm for the fundamental TE 

mode at a wavelength of 850 nm. Third, we fabricate a vertically integrated spot-size converter 
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(SSC), which allows for an efficient coupling in the two-guide-layer wafer. We measure an 

insertion loss of 0.4 dB between two waveguide layers at the wavelength of 850 nm. The total 

insertion loss including fiber-waveguide interfaces is -3 dB (-1.5 dB after correction for 28% 

Fresnel reflection at uncoated facets). We design an arrayed waveguide grating (AWG) for 

WDM, one key application of the MGVI scheme in AlxGa1-xAs, in the two-guide-wafer and 

discuss our preliminary experiments. Finally, we design a three-guide-layer wafer which 

integrates a waveguide photodiode (WGPD) and simulate a responsivity of 0.66 A/W using 

Crosslight® SimuPICS3D tools. 
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Chapter 1  
Introduction 

 Introduction 
This chapter introduces datacenter communications trends, optical interconnects for intra-

datacenter communications and different integration schemes for III-V semiconductor photonic 

circuits, especially the multi-guide vertical-integration (MGVI) scheme. 

1.1 Data center communications 

1.1.1 Data centers 

The exploding popularity of Internet services and the trend toward “cloud” computing have 

resulted in a dramatic increase of datacenter bandwidth requirement. Such Internet services 

include video/audio streaming services, cloud storage for consumers and businesses as well as 

internet of things (IoT) services. Most of these applications are running in datacenters that are 

transparent to end users. Datacenter computing and content streaming are becoming more and 

more popular and rapidly growing.  

A datacenter is a massively parallel super computing infrastructure, which consists of clusters 

with thousands of servers networked together. Figure 1.1 shows a schematic of a typical 

datacenter cluster, with servers arranged into racks of 20-40 machines each. Servers within the 

same rack are connected through a top of rack (TOR) switch. Rack switches are connected to 

cluster switches which provide connectivity between racks and form the cluster-fabrics for 

warehouse-scale computing. 

At the center of the Internet style of computing is a cloud of geographically distributed 

datacenters connected by a large-capacity network. As far as a user is concerned, the datacenter 

network appears as a single computer or storage device. Internet-style computing offers many 

benefits. Scalability is the first one. All user data resides in the network and are accessible 

anywhere in the world as long as there is a network connection. Internet-style computing also 

provides a platform for easy data sharing and collaboration. Since end users need not be 

concerned with maintaining their own computing equipment, there is operational expense and 
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capital reduction. Without a good reliable and scalable network infrastructure, none of the above 

benefits can happen. 

 

Figure 1.1 Typical view of a cluster inside a warehouse-scale datacenter. Figure is from [1]. 

1.1.2 Data center trends 

The ever-growing need for cloud resources has driven up the number of hyperscale datacenters 

and the traffic within them. The number of workloads and computing instances are mainly driven 

by datacenter virtualization and cloud computing growth. Among the various Internet services 

provided to consumers, video streaming and social networking are the main driving forces, 

which are also the two fastest growing applications. Within enterprise/business segment, 

compute and collaboration are the two main contributors. Cisco® publishes Cisco® Global Cloud 

Index (GCI) whitepaper every year as an ongoing effort to forecast the growth of global data 

center and cloud-based IP (Internet protocol) traffic. The following is a snapshot of the current 

status and trends. Annual global data center IP traffic will reach 20.6 Zettabytes [ZB] (1.7 ZB 

per month) by the end of 2021, up from 6.8 ZB per year (568 Exabytes [EB] per month) in 2016 

[1]. Global data center IP traffic will grow 3-fold over the next 5 years. Overall, data center IP 

traffic will grow at a compound annual growth rate (CAGR) of 25 percent from 2016 to 2021 

[1].  
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Figure 1.2 Global data center traffic growth [1]. 

By 2021, installed data center storage capacity will grow to 2.6 ZB, up from 663 EB in 2016, 

nearly a 4-fold growth [1]. Storage utilization varies by type of storage and generally ranges 

from 30 to 70 percent, especially given that deployments of additional capacity are growing 

quickly. Globally, the data stored in data centers will grow 4.6-fold by 2021 to reach 1.3 ZB by 

2021, up from 286 EB in 2016 [1]. 

 

Figure 1.3 Actual data stored in data centers [1]. 
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The global data center IP traffic can be sorted by its destinations. The definitions are as follows: 

§ Data center to user: Traffic that flows from the data center to end users through the 

Internet or IP wide-area-networks (WANs) 

§ Data center to data center: Traffic that flows from data center to data center 

§ Within data center: Traffic that remains within the data center, excludes traffic within the 

rack 

The portion of traffic residing within the data center will decline slightly over the forecast period, 

accounting for 75.4 percent of data center traffic in 2016 and 71.5 percent by 2021 [1]. It is still 

the main contribution to global data center IP traffic. Traffic between data centers is growing 

faster than either traffic to end users or traffic within the data center, and by 2021, traffic 

between data centers will account for almost 14 percent of total data center traffic, up from 10 

percent at the end of 2016 [1]. The high growth of this segment is due to the increasing 

prevalence of content distribution networks, the proliferation of cloud services and the need to 

shuttle data between clouds, and the growing volume of data that needs to be replicated across 

data centers. Overall, traffic within the data center and traffic between data centers will represent 

85 percent of total data center by 2021, and traffic exiting the data center to the Internet or 

WANs will be only 15 percent of traffic associated with data centers. 

 

Figure 1.4 Global data center traffic by destination in 2021 [1]. 
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1.1.3 Optical interconnects in intra-datacenter network 

A datacenter can consist of either one building or multiple buildings, as shown in Figure 1.5.  

Fiber optic technologies play critical roles in datacenter operations. Optical interconnections, 

with reach between 10 m to 2 km, are of paramount importance for intra-datacenter connectivity 

in a warehouse-scale computer. Within the same building, vertical cavity surface emitting laser 

(VCSEL)-based low-power and low-cost short reach (SR) multi-mode optics are already playing 

an important role. Long reach (LR) optics, at 1310 nm wavelength and based on higher-power 

single-mode distributed feedback (DFB) lasers, are now being used for inter-building 

interconnections.  

Given the huge optical interconnect bandwidth needed, interconnect bandwidth must scale from 

10 Gbps through 40 Gbps to 100 Gbps.  In addition to bandwidth growth, the power, cost, and 

space density must scale at the same time to satisfy the needs of mega-datacenter computing. To 

further scale the density and reach a higher data rate, a photonic integration circuit (PIC) using 

wavelength-division multiplexing (WDM) is inevitable [2, 3].  

 

Figure 1.5 Hierarchies of intra-datacenter cluster-switching interconnect fabrics. Figure is 

from [1]. 

WDM has been widely adopted in WANs. Since fiber is scarce between remote datacenters, 

spectral efficiency is important. This makes WDM a natural fit for WAN interconnection. 

Traditionally, the intra-datacenter environment was fiber rich and spectral efficiency was never 

an important concern. However, as bandwidth and datacenter size grow, the cost of fiber, 



6 

 

together with the expense of termination and management, has become a significant portion of 

overall link cost. In addition, increasingly large fiber bundles can present problems for 

mechanical clearances and air flow, making equipment more susceptible to thermal and cooling 

issues. 

Figure 1.6 is a simplified presentation of 100Gb/s link cost, as a function of distance, using three 

different optical interconnect technologies: (1) VCSEL SR transceiver, (2) edge-emitting DFB 

LR transceiver, and (3) integrated WDM transceiver with 10 wavelengths [3]. The starting point 

at 10m is the combined cost of optical transceivers and fiber terminations. Longer links become 

more expensive since longer fiber cables cost more. At various reaches, the slope ($/meter) of 

the WDM links is ten times lower than the slope for single-mode fiber and twenty times lower 

than the slope for multi-mode fiber. This is a result of (1) the relatively lower cost of single-

mode fiber to multi-mode fiber and (2) the bundling of wavelengths within a single-mode fiber, 

such that only one fiber is needed for transmitting the same amount of bandwidth. When the cost 

of WDM and an uncolored DFB transceiver is the same for an identical amount of bandwidth, 

integrated WDM technology can result in drastic reduction of link cost. From the per-link capital 

expenditure perspective, even if the WDM transceiver costs 1.5 times that of an uncolored DFB 

LR for the same amount of bandwidth, there is still a clear advantage to using WDM at reaches 

beyond 800 meters. 

 

Figure 1.6 Normalized 100G link cost using SR, DFB LR and WDM [3]. 
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The greatest challenge with the application of WDM in datacom is scaling the technology in size, 

power, and cost simultaneously. It is difficult to meet datacom requirements with discretely 

packaged single-wavelength WDM transceivers. Photonic integrated circuits (PICs) could meet 

datacom power, space, and cost requirements of datacom, and significantly improve the 

landscape of next-generation datacenter interconnections [4]. Monolithic integration aims at 

lowering costs by taking advantage of streamlined planar circuit processing at wafer scale. 

With WDM, the true potential of the vast bandwidth available with single-mode optical fibers is 

fully exploited. A low-power and low-cost photonic integration circuit (PIC), using wavelength 

division multiplexing (WDM), holds the promise to further scale the density, reach, and data 

rates needed for next-generation datacenter networks, and to enable new network architectures 

and applications. 

1.2 Integration schemes in III-V PICs 
The development of photonic integrated circuits (PICs) has been advancing rapidly over the last 

two decades. The main goals of bringing optical systems onto an integrated platform are to 

miniaturize optical components for better space efficiency and to lower cost. Integrating several 

optical components onto a single chip via modern microfabrication technology can eliminate 

many production costs. Monolithically integrated optical components are defined by lithography 

and thus aligned lithographically with high precision, which improves device lifetime and 

reliability. Photonic integrated circuits have been implemented using dielectric materials such as 

silica glass and lithium niobate. Silicon has also been exploited in the last decade for creating 

several integrated devices. However, the primary limitation of using such materials is that they 

do not emit light. For active PICs, in which optical gain is required, such as those requiring 

lasers, detectors or semiconductor-optical-amplifiers (SOAs), it is most desirable to choose an 

integration platform that naturally provides gain, such as one based on a III-V semiconductor. 

Furthermore, it is desirable for these platforms to enable the monolithic integration of different 

active and passive components with a minimal compromise in the performance of the individual 

components.  

One of the biggest challenges facing monolithic photonic integration is the requirement of 

different bandgap energies for different functional components. PICs require three basic optical 

functions: 1) light generation and amplification; 2) light guiding and coupling; and 3) light 
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detection. For example, active regions of high-performance light generation and amplification 

components such as lasers and amplifiers usually consist of strained quantum wells whose 

transition energies lie at the photon energy in order to achieve high optical gain. Similarly, light 

guiding and coupling components need materials with a bandgap larger than the photon energy 

to minimize propagation losses. Finally, light detection components require undoped materials 

with a bandgap smaller than the photon energy to ensure efficient optical absorption. To 

maintain the high performance of the discrete components in an integration platform, efficient 

optical power transfer between these different optical functions must be also realized. 

Currently, PICs are based on many different integration schemes, including etch-and-regrowth 

[5, 6], quantum-well intermixing (QWI) [7, 8], selective-area growth [9] and hybrid material 

integration [10]. In the etch-and-regrowth scheme, epitaxial layers are sequentially grown in 

different regions of the wafer to optimize different functions. Although regrowth provides 

freedom to optimize each required function, integration of different components suffers from 

high reflectivity at the etched-and-regrown region and unetched region [11]. Device 

characteristics are strongly affected by the regrowth interface which is subject to possible 

contamination during wafer processing between the regrowth steps [12, 13]. Etch-and-regrowth 

is the most flexible approach, however, it is also the most expensive one due to the high cost and 

low yield of multiple epitaxy steps. 

Quantum well intermixing (QWI) involves intentionally introducing defects which in turn allow 

inter diffusion between the atoms in the quantum wells (QWs) and the atoms in the barriers of a 

quantum well structure [7, 14]. There are many ways to introduce these defects, including 

impurity induced disordering [7], impurity-free selective layer disordering [15], sputtered SiO2 

disordering process [16, 17], ion implantation induced intermixing [18-20] and laser induced 

intermixing [21]. The inter diffusion alters the compositional the profile of the QW, which 

changes the quantum confinement potential, which subsequently blueshifts the bandgap and 

lowers the refractive index of the QW structure. Light generation and amplification components 

are fabricated in the non-intermixed regions, and low-loss light guiding components are realized 

in the intermixed regions. The integrated optical functions must share a similar material structure 

since growth occurs in only a single step. It is difficult to optimize the light guiding material for 

special device functions such as polarization-insensitive waveguides [22] and waveguides with 
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high coupling efficiencies to single-mode optical fibers [23]. This compromises device 

performance. 

In the selective-area growth (SAG) scheme, the substrate is patterned with dielectric masks. By 

changing the width of the mask openings, the local material growth rate can be changed [9, 24]. 

Therefore, the thickness and the transition energy of the quantum wells can be varied within a 

certain range. As in etch-and-regrowth, device characteristics can be affected by the surface 

conditions, since growth is performed on a substrate that is subject to possible contamination. As 

in QWI, all integrated optical functions must share a similar epitaxial structure, since growth 

occurs in only a single step, leading to compromises in integrated device performance. 

Hybrid-material integration involves heterogeneously integrating active III-V semiconductor 

components with passive components on a different substrate, i.e. silicon waveguides [10]. 

Several bonding techniques are being used: molecular bonding [25], metal bonding [26] and 

adhesive bonding [27]. The main disadvantage of hybrid material integration is that it suffers 

from complicated fabrication processes. Hybrid integration of compound semiconductors and 

silicon can potentially be free of multiple epitaxy steps; however, it requires wafer bonding to 

provide an active layer, which can be costly. In addition, mixing multiple types of active devices 

on the chip requires either a compromise in performance of each device when using the same 

bonded active layer. 

1.3 Multi-guide vertical-integration 
The aforementioned integration methods have drawbacks that limit the integration complexity 

and incur high fabrication costs. One alternative is regrowth-free vertical integration, in which 

functional waveguides composed of different yet compatible III-V semiconductor materials are 

vertically stacked in one epitaxial growth run and coupled to each other by means of lateral 

tapers defined in a process of fabrication [28-34]. In this scheme, the wafer is grown in a single 

epitaxial growth run. Multiple waveguide levels are stacked on top of each other. Epitaxial layers 

within each level are optimized for a specific function. The top-most level has a waveguide core 

with the lowest band gap energy of the entire structure and hosts optically active devices such as 

lasers and photodetectors. A second active level with the next lowest band gap energy can be 

placed directly below to host devices such as modulators or pre-amplifiers. Passive devices, such 

as filters and splitters, and routing waveguides can be located on one or more passive levels. The 
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bottommost level typically has a large waveguide core that forms part of a spot-size converter 

(SSC), or mode expander for coupling to and from optical fibers. To move light between two 

levels, waveguides on the upper level are tapered laterally in a fashion that allows low-loss 

adiabatic power transfer. 

1.3.1 MGVI in indium phosphide (InP) 

This integration scheme, known by the names of single-mode vertical integration [28], 

asymmetric twin-waveguide (ATG) technology [29], multi-guide vertical-integration (MGVI) 

[30], or taper-assisted vertical integration (TAVI) [35], has been proven a versatile PIC platform 

in the InP material system.  

In essence, MGVI is a generalization of the asymmetric twin-guide scheme [23, 29, 31, 36], but 

allows for more comprehensive photonic integration. The first papers on the twin-guide scheme 

appeared in the field of AlGaAs-based lasers [37, 38]. Later this concept was applied in the InP-

based integration [39]. In the original twin-guide scheme, the modal propagation constants of the 

two guides have to be equal in order for the beating and power exchange to be effective. The 

coupling length critically depends on the thickness and composition of the intermediate layers. 

Stringent tolerance in the coupling length results in unpredictable behavior in lasers. As a result, 

the original twin-guide scheme had very limited applications. 

A variation of the idea has been developed: the asymmetric twin-waveguide scheme (ATG) [23, 

29, 31, 36]. In this vertical integration technique, two separate waveguide layers are used, which 

are now intentionally different, such that there is no phase matching. The propagation constant of 

the mode in the upper, active waveguide should be larger than that of the mode in the lower, 

passive waveguide. In that case, the mode entering through the lower waveguide can evolve in to 

the mode of the upper waveguide in a lateral adiabatic taper placed in the upper layer. Therefore, 

no mode conversion takes place. The main advantage of the ATG scheme is that different 

waveguide levels can be separately optimized to some extent for different functions, which lays 

out the foundation for this scheme’s popularity. Waveguide photodiodes [23], lasers [31, 36, 40], 

splitters and multiplexers [41] have been successfully demonstrated in this platform. 

Single-mode vertical integration is the use of quantum wells on top of a passive waveguide layer 

[28, 42, 43]. The quantum wells do not form a separate waveguide level whereas the quantum 
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wells along with the passive waveguide layer collectively support one single mode, thus the 

name single-mode vertical integration. In the active region, the evanescent tail of the guided 

mode overlaps with the QWs and provides the required absorption or gain for the device. In the 

passive region, the QW layers are etched away leaving only the passive waveguide layer. 

Multi-guide vertical integration (MGVI) generalizes the above integration schemes in to multiple 

waveguide levels [30]. It has been proven a versatile PIC platform in the InP material system. 

Two-guide [32], three-guide [33], and even four-guide [34] vertical integration PICs have been 

successfully developed and commercialized in InP. 

1.3.2 Advantages of MGVI 

The MGVI scheme has several advantages over other photonic integration methods. By far, the 

key advantage of MGVI is that only a single epitaxial growth step is required throughout the 

fabrication process run. This saves substantial cost in several ways: 1) expensive epitaxial 

regrowth processes are not necessary, 2) device yield from a single wafer is higher because 

imperfections and nonuniformity from regrowth are eliminated, and 3) wafer growth and 

lithography are decoupled and can be performed at separate facilities. Another advantage is that 

it allows for decoupling of device development and circuit development, which is akin to how 

modern microelectronic devices are developed. Generic building block designs can be developed 

for each optical function and be separately verified. Complete circuits are then assembled into 

the PIC layout from these building blocks with only minor adjustments to optimize performance. 

1.4 Comparison of component solutions 
Presently, data center interconnects are dominated by 10 Gbps optical links based on VCSELs 

emitting at 850 nm and MMFs. VCSELs are small and cheap – already in 850 nm and potentially 

in 1310 nm windows. The same is true for surface-illuminated photodetectors (SIPDs).  

Projected increases in data traffic will require upgrading the links to 40 Gbps and then 100 Gbps 

and the physical size of the data center interconnects require links up to 2 km [44]. The upgrade 

path to 100 Gbps using VCSELs is to use multiple lanes over parallel optics. While VCSELs are 

relatively inexpensive, the reach distance of such links is limited to less than 150 meters due to 

the modal dispersion in MMFs. The use of MMFs in parallel optics drives up the cost. VCSELs 

and SIPDs are not multiplexable in any way except with space-division multiplexing (SDM). 
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Proposals of using higher bit rate with fewer lanes reduce cabling cost but would further limit the 

reach distance. The other option for 100 Gbps links is to use WDM over single mode fibers 

(SMFs) in the 1.31/1.55 μm windows. DFB lasers can be modulated in directly or externally, 

with the external modulation offering certain advantages in terms of laser count and advanced 

modulation format feasibility. DFB lasers and waveguide photodetectors (WGPDs) are 

multiplexable in any conceivable way: space, wavelength, polarization, and also suitable for 

advance modulation formats like quadrature phase-shift keying (QPSK) or pulse-amplitude 

modulation (PAM). However, working in the 1.31/1.55 µm windows requires lasers built in 

InP/InGaAsP material systems, which is again more costly and expensive to process. Poor 

temperature stability of InP lasers forces the use of active cooling, which drives up cost. 

Currently, most transceivers are constructed with discrete components and assembly cost is an 

issue.  

GaAs is much less costly than InP and less expensive to process [31-33]. GaAs, which has long 

been used for microelectronics industry, has been largely overlooked for use in PICs over the last 

two decades because of its emission wavelength of 850 nm. The wavelength of 850 nm is not 

suitable for the long distance optical links which has long been the focus of the optical 

communication industry. However, as optical links are deployed on shorter length scales for 

datacenter communications, the 850 nm wavelength is no longer a restriction [45]. Cost-wise, the 

advantages of GaAs are related to the fact it is a more robust material to process and therefore 

more commonly used in low-cost production, e.g. of wireless communication ICs. Furthermore, 

6” GaAs wafers are a commodity now while commercial supply of InP wafers is still limited to 

4” (which remain quite expensive) with the bulk of InP photonics processed on 3” or 2” wafers. 

Finally, PIC footprint size scales down with a reduction of operating wavelength and increase of 

index contrast between materials it is made from. Overall, a combination of less expensive base 

material/processing, bigger wafers, and smaller dies amounts to a sizable cost reduction, easily of 

an order of magnitude. From the interface performance standpoint, whereas shorter wavelength 

range of 0.85µm in GaAs PICs instead of 1.31 µm in InP PICs naturally results in a higher laser 

turn-on voltage and lower detector quantum efficiency, using wider bandgap material has some 

advantages. On the transmitter side, weaker Auger recombination and inter-valence band 

absorption in 0.85 µm GaAs lasers result in higher temperature stability. In addition, wider 

bandgap materials feature stronger exciton absorption peaks and sharper absorption edges, 
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thereby improving the characteristics of electro-absorption modulators (EAMs). On the receiver 

side, one little understood advantage of GaAs PICs is that they are built on a substrate that is 

opaque for any wavelength generated by GaAs transmitter, whereas in InP receiver PICs, their 

substrate is transparent for any wavelength generated by InP transmitter. This difference results 

in a higher tolerance of GaAs WDM receiver PICs to optical crosstalk associated with stray light 

leaked into the substrate. 

1.5 Novelty of work 
In this thesis, I demonstrate the viability of the multi-guide vertical-integration (MGVI) scheme 

in the AlxGa1-xAs semiconductors for datacenter applications. I have solved technical challenges 

in device fabrication, wet chemical etch techniques, dry etch techniques and fabrication 

processes, for the fabrication of MGVI devices. I achieve the highest order of magnitude 

difference in etch rates, to my knowledge, for the dry etch recipes. With the etch techniques and 

fabrication processes, I am able to control etch depths very precisely and create highly 

anisotropic waveguide sidewalls, without the use of etch stop layers. I report on the design, 

fabrication and characterization of the first, to my knowledge, vertically integrated spot-size 

converter (SSC) in AlxGa1-xAs operating in the 850 nm spectral range. I achieve a very high 

conversion efficiency for the SSC. It marks a major step towards building the MGVI platform in 

AlxGa1-xAs as a versatile and cost-efficient PIC technology for applications in data center 

interconnects. Potential applications of the vertical integration approach include non-invasive 

biosensing and quantum optics, which are detailed in Section 8.2. The new SSC design in a 

three-guide-layer chip features a total length of 350 µm, making it one of the shortest SSCs of its 

kind. The vertical integration of waveguide photodiodes (WGPDs) demonstrates the viability to 

build passive and active devices onto a single chip in the AlxGa1-xAs semiconductors. The thesis 

demonstrates the viability of MGVI scheme in the AlxGa1-xAs semiconductors in the 850 nm 

spectral range. 

1.6 Scope and outline of thesis 
I design two different wafers. The first one is a two-guide-layer chip hosting one high-

confinement waveguide layer on the top and one large-dimension waveguide layer on the 

bottom. The second wafer structure is a three-guide-layer chip with an additional third 

waveguide layer on the top of the wafer for waveguide photodiode integration. Using the first 
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wafer, I investigate wet chemical etch techniques as a possible means of fabricating AlGaAs-

GaAs photonic devices. I use wet chemical etching techniques with the HF family to fabricate 

suspended waveguides. Using the first wafer, I analyze dry etching techniques using inductively-

coupled plasma reactive ion etching (ICP-RIE) and develop dry etch recipes with various 

characteristics, which serve as the main fabrication technique for the devices presented in this 

thesis. I design, fabricate and test a spot-size converter (SSC) on the first wafer. In addition, I 

design and show preliminary fabrication results of an arrayed waveguide gratings (AWGs) in the 

first wafer. I design and integrate waveguide photodiodes (WGPDs) on the second wafer, 

making it a three-guide-layer chip. The outline of the thesis is as follows. 

Chapter 2 discusses models for index of refraction (RI) of AlxGa1-xAs materials and models for 

changes in RI when dopants and free carriers are present in these materials. Chapter 3 

investigates wet chemical etch techniques as a possible means of fabricating AlxGa1-xAs devices 

in the two-guide-layer wafer and the fabrication of suspended waveguides in HF solutions. 

Selectivity and suitability of this approach is discussed. Chapter 3 also presents fabrication and 

measurement results of suspended waveguides in a different wafer structure. Chapter 4 presents 

the development of dry etch techniques using ICP-RIE that prove to be successful in fabricating 

the devices presented in this thesis. The emphases have been etch rate and etch depth precision, 

surface and sidewall roughness, selectivity between wafer and photoresist, and reproducibility of 

the recipes. Chapter 5 gives the design, fabrication and test results of the SSC in the two-guide-

layer wafer. A very high coupling efficiency is achieved. Chapter 6 discusses the design and 

preliminary fabrication results of an AWG in the two-guide-layer wafer. Chapter 7 presents the 

three-guide-layer chip. It features a much-improved design of large-dimension bottom 

waveguide, improved design of SSCs with shorter coupling length and a WGPD for light 

detection. Chapter 8 provides a summary and outlines future directions of the thesis. 
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Chapter 2  
Aluminum gallium arsenide 

 Aluminum gallium arsenide 
This chapter introduces different models for calculating the index of refraction and bandgap 

energy of AlxGa1-xAs materials. The change in the index of refraction due to dopants and free 

carriers is also studied. 

2.1 Index of refraction 
The AlxGa1-xAs semiconductors are important materials for the fabrication of optoelectronic 

devices. To design and fabricate multiple-quantum-well (MQW) lasers, detectors and 

modulators, the index of refraction, n, has to be precisely known as a function of wavelength, λ, 

and aluminum concentration, x. 

There are many semi-empirical models in the literature, which were developed to fit 

experimental data [46-49]. Stern calculated the refractive indices of GaAs near the bandgap from 

the absorption coefficient using the Kramers-Kronig dispersion relations where he assumed high-

energy peaks could be expressed by delta functions [50]. Afromowitz calculated the room 

temperature refractive index of AlxGa1-xAs at energies below the direct band edge based on the 

single-effective-oscillator model, which approximated the imaginary part ϵ2 with a delta function 

[51]. Adachi carried out extensive work in developing semiempirical models for calculating the 

refractive indices of III-V semiconductors, including AlxGa1-xAs [52-54]. Adachi's model is most 

useful around the band gap energies. Jenkins [55], Lin [56, 57], and Kokubo [58] extended 

Adachi’s model. Based on Adachi’s model, Deri derived models that achieved better consistency 

among the data reported by different groups by employing a common reference for the 

composition x in terms of the direct gap E0 [59]. Gehrsitz determined the refractive indices of 

AlxGa1-xAs epitaxial layers with compositions in the range (0.176 < x < 1) accurately below the 

band gap wavelengths to λ = 3 µm [60]. Gehrsitz's model is most useful for near-IR wavelengths.  

In this thesis, Gehrsitz's model is used to calculate refractive indices of AlxGa1-xAs for 

wavelengths below the bandgap energy while Deri's model is used to calculate refractive indices 
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of AlxGa1-xAs for wavelengths around and above the bandgap energy. It was found that these two 

models agreed with refractive index libraries in RSoft® CAD tools and Lumerical® tools. 

 

Figure 2.1 Gehrsitz's model for refractive indices of AlxGa1-xAs, for x = 0.2, 0.25, 0.3, 0.35, 

0.4, 0.45 and 0.5, in the spectral range of between 850 nm and 1000 nm [60]. 

 

Figure 2.2 Deri's model for refractive indices, both real part and imaginary part, of GaAs 

in the spectral range of between 850 nm and 1000 nm [59]. 
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2.2 Carrier induced changes 
Carrier induced change of refractive index, Δn, of InP, AlxGa1-xAs, and InxGa1-xAs have been 

investigated by multiple authors and the key contributions relevant to this work are summarized 

here. Band filling (Burstein-Moss effect), band-gap shrinkage and free-carrier absorption 

(plasma effect) effects were included. Carrier concentrations between 1016 cm-3 and 1019 cm-3 

and photon energies between 0.8 eV (λ = 1550 nm) and 2.0 eV (λ = 620 nm) were considered. 

The models that were used in this thesis were mainly based on two references where the validity 

of the models had been demonstrated through experimental data in the literature. The results of 

the changes in refractive index, Δn, give a guidance on determining whether the carrier induced 

changes should be included in the optical simulation of the devices in this thesis. 

Free carrier induced refractive index change was traditionally treated by the classical Drude 

theory [61], where plasma effect by using a simple harmonic oscillator model was considered. 

Drude theory ignores the effects from ionized impurities and other carrier-related effects around 

the bandgap. This theory is only valid at a very low doping concentration and a low optical 

frequency. The results are not applicable at the frequencies used in practical integrated-optics. 

The lack of experimental ∆" data due to free carriers in the literature turned researchers to the 

Kramers-Kronig theory. Absorption data due to free carriers are available in the literature and 

can be used to verify calculation models. Once the formulation of carrier-induced absorption 

spectrum is derived, one can use Kramers-Kronig dispersion relations to predict the change of 

the refractive index. 

A few papers appeared in the literature in 1990s including Huang’s [62] and Bennett’s [63]. 

Huang’s paper looked at free carrier effects for n-type AlxGa1-xAs. Bennett’s paper looked at III-

V semiconductors when there was current injection, n-type doping and p-type doping. Bennett’s 

paper is more useful for estimating the intrinsic region of the photodetector as well as n- and p- 

contacts. First, starting with Bennett’s paper, a model is reproduced to match the results given in 

the relevant reference papers using InP as a reference material. Second, the reproduced model is 

used to predict the change of refractive index of AlxGa1-xAs and InxGa1-xAs for MQW p-i-n 

photodetectors. 
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2.2.1 Theory and results 

2.2.1.1 Band filling effect 

A decrease in absorption for photon energies slightly above the nominal bandgap was observed 

when they are doped. This effect is most pronounced in semiconductors with small effective 

masses and band gaps. The effect, known as Burstein-Moss effect, can be explained by band 

filling effect [64, 65]. In the case of n-type semiconductors, the density of states in the 

conduction band is sufficiently low and a small number of electrons can fill the band to an 

appreciable depth. With the lowest energy states filled in the conduction band, electron from the 

valence band requires greater energy than nominal bandgap to be optically excited to the 

conduction band. Due to larger effective masses, p-type semiconductors have higher density of 

states. This effect is smaller for a given carrier concentration. Because band filling is a result of 

the presence of free carriers, injection should be equivalent to doping, except that injection will 

result in band filling effects from both electrons and holes. 

If parabolic bands are assumed, optical absorption, a0(E), near the band gap in a direct bandgap 

semiconductor is given by: 

#$(&) =
)

&
*& − &,	(& > &,) 

…………………………………..   (Equation 2.1) 

#$(&) = 0	0& < &,2 

…………………………………..   (Equation 2.2) 

where E is photon energy, Eg and C are bandgap energy and a constant, respectively, which are 

material-specific. The above equations can be written to explicitly take care of heavy and light 

holes: 

#$(&) =
)33

&
*& − &, +

)53

&
*& − &,	(& > &,) 

…………………………………..   (Equation 2.3) 
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#$(&) = 0	(& < &,) 

…………………………………..   (Equation 2.4) 

)33 and )53 are obtained from the parameter ) for heavy holes (hh) and light holes (lh), 

respectively. The reduced effective masses of the electron-hole pairs are given as follows. 

6733 = 8
1
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+
1

:33

;
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…………………………………..   (Equation 2.5) 
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…………………………………..   (Equation 2.6) 

)33 = )(
6733
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>/@
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>/@
) 

…………………………………..   (Equation 2.7) 

)53 = )(
6753
>/@

6733
>/@

+ 6753
>/@
) 

…………………………………..   (Equation 2.8) 

In the case of band filling, there is a finite probability that a state in the conduction band will be 

occupied by an electron and/or a state in the valence band will be empty of electron. If we denote 

an energy in the valence band by Ea and an energy in the conduction band by Eb, then the 

absorption is 

#(A, C, &) = #$(&)[EF(&G) − EH(&I)] 

…………………………………..   (Equation 2.9) 
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In the above equation, the f(x) is the Fermi-Dirac function. The change in absorption coefficient 

is  

∆#(A, C, &) = #(A, C, &) − #$(&) 

…………………………………..   (Equation 2.10) 

The change of refractive index is calculated through the Kramers-Kronig relation: 

∆"(A, C, &) =
2LℎN

O@
P

∆#(A, C, &′)

&′@ − &@

R

$

S&′ 

…………………………………..   (Equation 2.11) 
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Table 2.1 Values of semiconductor parameters (T = 300 K). 

 InP GaAs In0.2Ga0.8As 

Eg (eV) 1.3507 1.424 0.8137 

C (cm-1s-1/2) 3.0464×1012 2.4580×1012 1.1350×1012 

Chh (cm-1s-1/2) 1.9246×1012 1.6317×1012 7.5797×1011 

Clh (cm-1s-1/2) 1.1218×1012 8.2637×1011 3.7705×1011 

TU  12.4 12.9 13.23 

n 3.52 3.6 3.63 

me (m0) 0.075 0.0630 0.0545 

mhh (m0) 0.56 0.5100 0.4900 

mlh (m0) 0.12 0.0820 0.0708 

mdh (m0) 0.6 0.5317 0.5078 

6733 (m0) 0.066 0.0561 0.0491 

6753 (m0) 0.046 0.0356 0.0308 

NC (cm-3) 5.1442×1017 3.9604×1017 3.1883×1017 

NV (cm-3) 1.1537×1019 9.7100×1018 9.0624×1018 

VHW (cm-3) 1.2902×1017 6.7919×1016 4.0780×1016 

Material-specific parameters are based on [66]. There exists some discrepancy compared to the 

data that were used in Bennett’s paper [63]. In [63], only some of the simulation parameters are 

provided. In order to interpolate aluminum/indium concentration in AlxGa1-xAs/InxGa1-xAs, 

analytical expressions are used to estimate the above parameters based on [66]. For the 

parameter C, there exists a discrepancy for InP’s C parameter (about 25% smaller compared to 
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[63]). C = 3.05×1012 is used in part of our calculation instead of 4.40×1012 used in the reference 

paper. The discrepancy manifests itself in the calculated Δα value which carries a factor of 0.75 

compared to the value provided by Bennett. All the other parameters are in good agreement with 

those reported in [63].  The following figures compare our InP calculation with the reference 

paper. 

 

 

Figure 2.3  (Left panel) comparison of changes in absorption coefficient due to electron-

hole injection and the resultant band filling in InP; (right panel) comparison of changes in 

refractive index due to band filling in InP. Bottom figures are from [63]. 

As can been seen, the model has been successfully reproduced. It will be later applied to AlxGa1-

xAs and InxGa1-xAs to calculate the change in their refractive indices due to the presence of free 

carriers, n-doping and p-doping in the materials. 
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2.2.1.2 Bandgap shrinkage 

The basic mechanism is that injected electrons will occupy states at the bottom of the conduction 

band [63]. If the concentration is large enough, the electron wavefunctions will overlap, forming 

a gas of interacting particles. The electrons will repel one another by Coulomb forces. In 

addition, electrons with the same spin will avoid one another for statistical reasons. The net 

result is a screening of electrons and a decrease in their energies, lowering the energy of the 

conduction band edge. A similar effect of holes increases the energy of valence band edge. 

Shrinkage effects are determined by free carrier density, and are independent of impurity 

concentration. 

Δ&,(V) =
Y

TU
(1 −

V

VHW
)=/>, V > VHW 

…………………………………..   (Equation 2.12) 

Δ&,(V) = 0, V < VHW 

…………………………………..   (Equation 2.13) 

Where Y is a fitting parameter and VHW is critical concentration of free carriers. VHW is about 1.4 

times the Mott critical density [67] 

VHW = 1.6 × 10@](
:7

1.4TU
)> 

…………………………………..   (Equation 2.14) 

In the above equation, we used :7 instead of :33 or :53 because bandgap shrinkage effects 

start at a much lower concentration for electrons than holes. The above equation predicts χcr = 

7×1016 cm-3 for n-type GaAs, which is in good agreement with 5×1016 cm-3 [68]. Therefore, this 

formula is applied to InP and In0.2Ga0.8As without further verification. The values for the fitting 

parameter Y are 0.11, 0.125, and 0.14 for p-GaAs, n-GaAs and carrier injected electron-hole 

plasmas in GaAs. Finally, the band-gap-shrinkage-induced absorption change is  

∆#(V, &) =
)

&
*& − &, − Δ&,(V) −

)

&
*& − &, 
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…………………………………..   (Equation 2.15) 

The above equation predicts that Δα will always be positive, largest near the bandgap and rapidly 

decrease for higher energy. With Δα results, Δn is calculated through Kramers-Kronig theory. 

 

 

Figure 2.4 (Top) Comparison of bandgap shrinkage effects in GaAs with κ = 0.14 and χcr = 

7×1016 in the reproduced model and the data given by [68]; (bottom) comparison of 

changes in refractive index of InP due to electron-hole injection and the resultant bandgap 

shrinkage. Right figures are from [63]. 

The calculated ∆" is the same as [63] because C = 4.40×1012 is used. This confirms that the 

discrepancy in Figure 2.3 indeed results from different input data. However, it was found that the 

material-specific parameters provided by [66] gave more precise estimate for AlxGa1-xAs and 

InxGa1-xAs. This source is going to be used for AlxGa1-xAs and InxGa1-xAs materials that are 

relevant to the projects throughout the thesis. In conclusion, the model is successfully reproduced 

and will be later applied to AlxGa1-xAs and InxGa1-xAs.  
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2.2.1.3 Free-carrier absorption 

Thus far, we have considered changes due to the interband absorption due to band filling and 

bandgap shrinkage. In addition, a free carrier can absorb a photon and move to a higher energy 

state within a band. In the Drude model, this is intraband free carrier absorption, also known as 

plasma effect. According to [69], the corresponding change is 

∆" =
−6.9 × 10<@@

"&@
`
A

:7

+ C a
:33
=/@

+ :53
=/@

:33

>/@
+ :53

>/@
bc 

…………………………………..   (Equation 2.16) 

The sign of ∆" is always negative, hence it will add to bandfilling for energies below the 

bandgap. Because the E2 dependence in the denominator, the plasma effect increases as the 

photon energy decreases. On the other hand, both the band filling and bandgap shrinkage are the 

largest around the bandgap. 

2.2.1.4 Collective effects 

So far, three effects, including band filling, bandgap shrinkage and free-carrier absorption, were 

assumed to be independent. However, the first two effects actually interplay a lot. Therefore, in 

calculating the combination of effects, band filling was based on the band gaps that had been 

obtained by considering bandgap shrinkage. The results agree well with reference [63]. 
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Figure 2.5 Calculated changes of refractive index from band filling, bandgap shrinkage 

and free-carrier absorption for different carrier concentrations. (Top) N = P = 3×1016 cm-3; 

(bottom) N = P = 3×1017 cm-3. Right figures are from [63]. 

In Figure 2.5 (top), the concentration is lower than the critical carrier density. Therefore, the 

bandgap shrinkage effect is zero throughout the photon energy range. The dominant effect is 

band filling effect. In Figure 2.5 (bottom) where the carrier density is larger than χcr, the bandgap 

shrinkage effect comes into play and dominates over the other two effects. Near the bandgap, the 

total index change can be as high as 0.02. 

2.2.2 Application of the models 

In the last section, we focus on carrier injection effects where charge neutrality is assumed, 

indicating N = P. If we are going to look at doping induced effects, we are going to use N only, 

i.e. N = 1×1018 cm-3, and leave P at unintentional doping level, which is usually at 5×1015 cm-3. 

The opposite holds for p-type semiconductors, i.e. P = 3×1018 cm-3 and N = 1×1015 cm-3. 

We use Al0.2Ga0.8As for n-contact layer and GaAs and In0.2Ga0.8As for MQW layers, we need to 

know the carrier induced effects in order to calculate the absorption coefficient change 

(imaginary part) and (real part) refractive index change. Table 2.2 lists material-specific 

constants that are relevant to the calculation. These material-specific constants are taken from 

[66]. 
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Table 2.2 Values of semiconductor parameters (T = 300 K). 

 Al0.2Ga0.8As GaAs In0.2Ga0.8As 

Eg (eV) 1.6734 1.424 0.8137 

C (cm-1s-1/2) 4.0936×1012 2.4580×1012 1.1350×1012 

Chh (cm-1s-1/2) 2.7437×1012 1.6317×1012 7.5797×1011 

Clh (cm-1s-1/2) 1.3499×1012 8.2637×1011 3.7705×1011 

TU  12.332 12.9 13.23 

n 3.5117 3.6 3.63 

me (m0) 0.0796 0.0630 0.0545 

mhh (m0) 0.5600 0.5100 0.4900 

mlh (m0) 0.0956 0.0820 0.0708 

mdh (m0) 0.5860 0.5317 0.5078 

6733 (m0) 0.0697 0.0561 0.0491 

6753 (m0) 0.0434 0.0356 0.0308 

NC (cm-3) 5.6247×1017 3.9604×1017 3.1883×1017 

NV (cm-3) 1.1236×1019 9.7100×1018 9.0624×1018 

VHW (cm-3) 1.5681×1017 6.7919×1016 4.0780×1016 

2.2.2.1 Al0.2Ga0.8As as n-contact 

We study the change in refractive index at various doping levels for the martial Al0.2Ga0.8As. N 

will be varied and P is kept at unintentional doping level, which is usually at 5×1015 cm-3. In 

order to see the effects that different carrier concentrations have on the material, we choose four 

different doping levels for n-doped Al0.2Ga0.8As: N = 1×1017 cm-3, 5×1017 cm-3, 1×1018 cm-3, and 
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5×1018 cm-3. A spectral range between 1.2 eV (1033 nm) and 1.5 eV (827 nm), which is roughly 

the same as the wavelength range of the projects in this thesis, was considered. 

 

Figure 2.6  (Left chart) Calculated collective change of refractive index of n-doped 

Al0.2Ga0.8As for N = 1×1017 cm-3, 5×1017 cm-3, 1×1018 cm-3, and 5×1018 cm-3. (Right chart) 

Breakdown of the collective effect in to constituent effects at a doping level of 5×1017 cm-3. 

As can be seen from the left chart of Figure 2.6, at doping concentration below N = 5×1017 cm-3, 

the doping induced refractive index change for photon energies between 1.2 eV (1033 nm) and 

1.5 eV (827 nm) is negligible. As can been seen from the right chart of Figure 2.6, overall, the 

change in refractive index resultant from any of the three constituent effects at a doping level of 

N = 5×1017 cm-3 is smaller than 4×10-3. The collective effect is small enough to be ignored. In 

Chapter 7 when we design waveguide photodiode (WGPD), we choose a doping level of N = 

5×1017 cm-3 for the Al0.2Ga0.8As n-contact. The change in the imaginary part of the refractive 

index is irrelevant because the spectral range of between 1.2 eV (1033 nm) and 1.5 eV (827 nm) 

is never above the band gap energy of Al0.2Ga0.8As. 

2.2.2.2 GaAs in the absorption region 

Assuming charge neutrality in the active region, we have N = P, which has been assumed when 

reproducing the model for InP. Again, in order to see the effects that different carrier 

concentrations have on the material, we choose four different doping levels for n-doped GaAs: N 

= 1×1017 cm-3, 5×1017 cm-3, 1×1018 cm-3, and 5×1018 cm-3. A spectral range between 1.2 eV 

(1033 nm) and 1.5 eV (827 nm), which is relevant to the projects in this thesis, was considered. 
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Figure 2.7 (Left chart) Calculated collective change of refractive index of GaAs for N = P = 

1×1017 cm-3, 5×1017 cm-3, 1×1018 cm-3, and 5×1018 cm-3. (Right chart) Breakdown of the 

collective effect in to constituent effects at a carrier concentration of 1×1018 cm-3. 

 

Figure 2.8 Breakdown of the collective change of absorption coefficient of GaAs in to 

constituent effects at a carrier concentration 1×1018 cm-3. The sign of the Δα due to band 

filling has been flipped for a better appearance of the plot. 

2.2.2.3 In0.2Ga0.8As in the absorption region 

Simulation the change of refractive index of In0.2Ga0.8As is similarly done. Because the thickness 

of the In0.2Ga0.8As used as the well material in multiple-quantum-well (MQW) structure is only, 

the change in the refractive index would have limited effects. In addition, the calculation of the 

change in the absorption coefficient is more relevant for bulk materials than for quantum well 

structures. 
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Figure 2.9 (Left chart) Calculated collective change of refractive index of In0.2Ga0.8As for N 

= P = 1×1017 cm-3, 5×1017 cm-3, 1×1018 cm-3, and 5×1018 cm-3. (Right chart) Breakdown of the 

collective effect in to constituent effects at a carrier concentration of 1×1018 cm-3. 

 

Figure 2.10 Breakdown of the collective change of absorption coefficient of GaAs in to 

constituent effects at a carrier concentration 1×1018 cm-3. 

2.2.2.4 Al0.3Ga0.7As and GaAs as p-contact 

We study the change in refractive index at various doping levels for the martial Al0.3Ga0.7As. P 

will be varied and N is kept at unintentional doping level, which is usually at 5×1015 cm-3. In 

order to see the effects that different carrier concentrations have on the material, we choose four 

different doping levels for p-doped Al0.3Ga0.7As: N = 1×1017 cm-3, 5×1017 cm-3, 1×1018 cm-3, and 

5×1018 cm-3. 



31 

 

 

Figure 2.11 (Left chart) Calculated collective change of refractive index of p-doped 

Al0.3Ga0.7As for P = 1×1017 cm-3, 5×1017 cm-3, 1×1018 cm-3, and 5×1018 cm-3. (Right chart) 

Breakdown of the collective effect in to constituent effects at a doping level of 1×1018 cm-3. 

 

Figure 2.12 (Left chart) Calculated collective change of refractive index of p-doped GaAs 

for P = 1×1017 cm-3, 5×1017 cm-3, 1×1018 cm-3, and 5×1018 cm-3. (Right chart) Breakdown of 

the collective effect in to constituent effects at a doping level of 5×1018 cm-3. 

As can be seen from the left chart of Figure 2.11, at doping concentration below P = 1×1018 cm-3, 

the doping induced refractive index change for photon energies between 1.2 eV (1033 nm) and 

1.5 eV (827 nm) is negligible. As can been seen from the right chart of Figure 2.11, overall, the 

change in refractive index resultant from any of the three constituent effects at a doping level of 

P = 1×1018 cm-3 is smaller than 1×10-3. The collective effect is small enough to be ignored. In 

Chapter 7 when we design waveguide photodiodes (WGPDs), we choose a doping level of P = 
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1×1018 cm-3 for the Al0.3Ga0.7As p-contact. The change in the imaginary part of the refractive 

index is irrelevant because the spectral range of between 1.2 eV (1033 nm) and 1.5 eV (827 nm) 

is never above the band gap energy of Al0.3Ga0.7As. 

 

Figure 2.13 Breakdown of the collective change of absorption coefficient of p-doped GaAs 

in to constituent effects at a doping level of 5×1018 cm-3. The sign of the Δα due to band 

filling has been flipped for a better appearance of the plot. 

2.3 AlxGa1-xAs wafers 
The AlxGa1-xAs wafers used in the projects described in this dissertation were grown using 

metal-organic chemical vapor deposition (MOCVD). 

2.3.1 Two-guide-layer AlxGa1-xAs chip 

The two-guide-layer AlxGa1-xAs chip was used for the development of wet chemical etch recipes 

(Chapter 3), the development of inductively coupled plasma reactive ion etching (ICP-RIE) dry 

etch recipes (Chapter 4), the design and fabrication of a spot-size converter (Chapter 5) and the 

design and fabrication of an arrayed waveguide grating (AWG) (Chapter 6). 
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Figure 2.14 Wafer description of the two-guide-layer AlxGa1-xAs chip. The intended 

functionality is shown along with the material composition and thickness of each layer. 

The wafer used in the experiments consists of five layers of AlxGa1-xAs with different aluminum 

concentrations and is shown in Figure 2.14. They are 5 nm of GaAs, 120 nm of Al0.2Ga0.8As, 250 

nm of Al0.34Ga0.66As, 4 µm of Al0.5Ga0.5As, and 3.5 µm of Al0.63Ga0.37As from top to bottom and 

are grown on an n-type (100) GaAs substrate. The first three layers on the top are suitable for 

implementing high refractive index contrast waveguides for on-chip signal processing. The two 

bottom layers were designed as a large-dimension waveguide for efficient end-fire coupling to 

single-mode fibers. 

2.3.2 Three-guide-layer AlxGa1-xAs chip 

The three-guide-layer AlxGa1-xAs chips consist of sixteen epitaxial layers, which are shown in 

Figure 2.15. Starting from the n-type GaAs substrate, the four bottom layers are for 

implementing fiber coupling waveguide with large cross-sectional waveguide dimension to 

facilitate end-fire coupling to single mode fibers. The next three layers are suitable for 

implementing high refractive index contrast waveguides for on-chip signal processing. The nine 

layers on the top are used for designing waveguide photodiodes. A compressively strained layer 

of 10 nm In0.2Ga0.8As layer is used as the well material for the quantum well based waveguide 

photodiode. The doping profile in the waveguide photodiode (WGPD) layers is as follows. The 

n-contact layer, Al0.2Ga0.8As, is silicon n-doped to 5×1017 cm-3. The absorption layers, which 

include the 20 nm Al0.2Ga0.8As to GaAs grading layer, 40 nm GaAs, 10 nm In0.2Ga0.8As well 

layer and 340 nm GaAs are undoped. The 25 nm GaAs to Al0.3Ga0.7As grading layer, 500 nm 

Al0.3Ga0.7As upper cladding layer and 25 nm Al0.3Ga0.7As to GaAs grading layer are carbon p-

doped to 1×1018 cm-3. The 100 nm GaAs p-contact layer is carbon p-doped to 5×1018 cm-3. 
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Figure 2.15 Wafer description of the three-guide-layer AlxGa1-xAs chip. The intended 

functionality is also shown along with the material composition and thickness of each layer. 

2.4 Conclusion 
In this chapter, the refractive indices of AlxGa1-xAs materials were studied. Using Gehrsitz’s 

model, we calculated the refractive index of the AlxGa1-xAs materials for photon energies below 

the band gap energy. Using Deri’s model, we calculated the refractive index of the GaAs 

material for photon energies below and around the band gap energy. The change of the refractive 

index of AlxGa1-xAs and InxGa1-xAs was also studied. These models were utilized in the design of 

the two wafer structures used in this thesis. The details of the design methodology will be 

outlined in Chapters 5 and 7. 
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Chapter 3  
Wet etch techniques for AlGaAs devices 

 Wet etch techniques for AlGaAs devices 
This chapter discusses wet chemical etch techniques for fabricating waveguide structures in 

AlxGa1-xAs semiconductors. We analyze wet etching techniques using our first wafer, a two-

guide-layer wafer, and demonstrate successful sacrificial etching of AlxGa1-xAs layers with a low 

aluminum content on AlxGa1-xAs layers with a high aluminum content. Selectivity of 15:1 and 

40:1 for citric acid, or succinic acid wet etchants have been obtained. These wet etchants provide 

a means of achieving precise etch depths. In addition, this chapter demonstrates sacrificial 

etching Al0.7Ga0.3As layers against AlxGa1-xAs layers with x < 0.5 on a different wafer structure 

in HF solutions, and fabricate suspended waveguides for potential monolithic and vertical 

integration of nonlinear optical components 

3.1 Wet chemical etch techniques 
Since many III–V devices require the exposure of buried layers for metal contact formation 

and/or the formation of mesa structures for electrical isolation from adjacent devices on the same 

wafer, etching will always be a critical fabrication step. “Wet” (liquid-phase) etches are the 

simplest to implement since they require only simple benchtop glassware (or plasticware if HF is 

involved). The key issues to be considered in selecting a particular etch process for any 

application are rate, uniformity, selectivity, critical dimension control, feature profile and surface 

damage that can degrade electronic properties and, therefore, device performance. 

The most favorable characteristic of wet etches is their ability to cause virtually no surface 

electronic damage [70, 71]. The least desirable wet etch characteristic for many applications is 

the unavoidable tendency to undercut etch masks. This is observed whether there are nearly 

equal vertical and lateral etch rates (isotropic etching) or etch rates that depend on the specific 

exposed crystal planes of the semiconductor (crystallographic etching). Precise control of critical 

dimensions is made more difficult by the frequently strong dependence of wet etch rates on 

temperature, solution agitation and crystallographic alignment of the mask. 
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3.2 Surface cleaning 
The surface cleaning of GaAs and other semiconductors involves two different aspects. The first 

is the removal of contaminants, such as organic compounds and metal ions. The second is the 

removal of the native oxide to expose the bare semiconductor for subsequent processing such as 

metal contact deposition. The existence of native oxide is detrimental to the fabrication of 

AlxGa1-xAs devices as it is subject to a very different etching process compared to AlxGa1-xAs 

epitaxial layers. 

3.2.1 Regular organic contaminants 

When the surface is not heavily contaminated by organics, a 10-min boil in acetone, a 5-min boil 

in methanol and a DI water rinse can be sufficient. Sonication using ultrasound can also be used 

as an alternative to enhance cleaning efficiency. In this thesis, acetone, IPA and DI water are 

used in combination of heating and sonication when necessary to remove regular organic 

contaminants. 

3.2.2 Metal ion contaminants 

For removal of metal ion contaminants, rinsing with chemicals that can form complexes with a 

wide variety of metal ions can be quite effective. Ammonium hydroxide solutions are an 

excellent choice for this. NH4OH is formed by dissolving NH3 in water: NH3+H2O ↔ NH4OH. 

The ammonium ion is in equilibrium with ammonia (NH3) in solution and ammonia is known to 

form soluble metal complexes, M(NH3)y+x, with many transition metals. This is highly desirable 

since transition metals can degrade electronic properties. 

3.2.3 Native oxides 

Two additional advantages of NH4OH solutions are their ability to remove the native oxide of 

GaAs and their saponification capability. AlxGa1-xAs oxidizes when it is exposed to air. The rate 

at which it oxidizes increases as the aluminum content in AlxGa1-xAs increases. Manual handling 

of wafers brings possible contact with fats. Saponification is the process of hydrolyzing a fat (a 

fatty acid ester) with OH− to form glycerol and a fatty acid salt (soap), both of which are highly 

soluble. In this thesis, one part of 30% NH4OH is mixed with ten parts of DI water to clean metal 

ion contaminants, native oxides and fats. Heating and sonication are used depending on the 

surface conditions of samples. 
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3.3 Basics of wet etch 

3.3.1 Profiles and rates 

Three aspects are important: etch profile, etch rate and surface roughness. The most important 

consideration in selecting a wet etch recipe is the profile of the etched features. This is primarily 

controlled by whether the etch process is reaction-rate limited, or diffusion controlled. Assuming 

an adequate supply of oxidizer, whether the rate of the dissolution process will be limited by the 

supply of acid, or base (diffusion controlled) or by the activation energy of the dissolution 

reaction (reaction-rate limited) will be determined by the relative magnitudes of their respective 

terms. Any reaction has the potential to be either reaction-rate limited or diffusion controlled. It 

is merely a question of which effect dominates. If an activation energy for an etch process is less 

than 5 kcal/mol, it will probably be diffusion controlled, while a value greater than 10 kcal/mol 

probably means reaction-rate control. 

Etch rate is another very important parameter. Excessively fast rates will cause poor surface 

quality. Therefore, the supply of acid or base etchants needs to be carefully controlled. 

Dissolution of the oxide is controlled by solution pH. H2O2 is generally used as an oxidizer. 

Oxidation rate is generally controlled by the strength of the oxidizer so increasing the H2O2 

fraction increases the etch rate. However, surfaces tend to roughen with etchants that contain 

>15% H2O2 or with pH values equals 7.5 or higher. At higher pHs, there is less efficient oxide 

removal so the thickening oxide can crack and float away in small segments, this exposes the 

underlying surface for further oxidation. This cracking and flaking is inherently a non-uniform 

process and results in surface roughness. Therefore, the supply of oxidizer needs to be carefully 

controlled. 

3.3.2 Diffusion controlled etch process 

An etch process that is diffusion controlled is highly sensitive to the degree of agitation so 

controlled stirring or rotation is important to achieve consistent and predictable results. Slow 

rotation (<100 rpm) permits very uniform thinning of a wafer. Fast rotation in a centrifuge can 

decrease lateral undercutting. In practical terms, “rotation” often consists of manually swirling 

the sample holder in solution, which may not be very reproducible. Stirring at a reproducible rate 

with a magnetic stirrer or an over-head propeller design can produce more predictable results. 
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The classic profile of a diffusion-controlled reaction is shown in Figure 3.1 (left). Lateral 

undercut proceeds at a rate comparable to the vertical etch rate in the field region away from the 

mask. However, a shallow trench or downward bulge forms near the edge of the mask and slopes 

back away from the edge. As the etch proceeds in time, the mask-edge region appears more and 

more like the field region more remote from the mask edge and the downward bulge becomes 

less prominent with time Figure 3.1 (right). 

 

Figure 3.1 Diffusion-controlled etch profiles: (left) classic profile; (right) profile with flatter 

bulge. Figures are from [72]. 

3.3.3 Reaction-rate limited etch process 

An etch process that is reaction-rate limited displays a pronounced dependence on temperature 

and are relatively insensitive to agitation. One important feature of reaction-rate limited etch 

process is differences in the etch rates of different crystal faces, which have different activation 

energies for their oxidation. AlxGa1-xAs has a cubic zinc sulphide or zinc blende structure, with 

two interpenetrating face-centered cubic (fcc) lattices. A wide range of profiles are possible [73]. 

3.4 Acidic selective wet etch 
GaAs is not soluble in non-oxidizing acids from pH 1 to 7, so an oxidizer such as H2O2 is 

combined with the acid to produce an effective etchant. Examples of non-oxidizing acids include 

HCl, H2SO4, H3PO4 and organic acids such as citric and succinic acids. The listed ratios in Table 

3.1 are volume ratios and refer to volumes of concentrated acids and bases as purchased (i.e. 
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undiluted), 30% H2O2, 50% by weight citric acid in water or 20% by weight succinic acid in 

water. When specific pHs are listed, NH4OH is generally used to adjust the pH. 

The primary determining factors of selectivity include the relative amounts of oxidant and acid, 

the degree of dilution at a fixed acid/oxidant ratio and the pH. Often the rates for both materials 

may increase as a process parameter is adjusted, but one will increase much faster.  

In many inorganic acid/H2O2 solutions where the anion doesn’t preferentially form complexes 

with Ga or Al, rates for AlGaAs are somewhat faster than for GaAs, with the rates increasing 

roughly linearly with Al mole fraction. For example, at pH 1 GaAs may etch at 0.3 µm/min 

while Al0.5Ga0.5As etches at 0.65 µm/min. This difference may be enough to give isotropic 

profiles for AlGaAs under conditions that produce crystallographic etching of GaAs. 

The citric/ H2O2 etchants start with a stock citric acid solution that is composed of 1 g of citric 

acid in 1 ml DI water. This should be mixed at least one day early to insure all the citric acid 

dissolves since the dissolution is an endothermic reaction and the solution cools noticeably as the 

citric acid dissolves. The desired volume ratio of this solution is mixed with 30% H2O2 at least 

15 min before etching to allow the solution to return to room temperature before use (this 

combination heats upon mixing). For citric/H2O2 ratios greater than 1, the rate is reaction-rate 

limited and crystallographic etching occurs. At lower citric/peroxide ratios, bubble formation on 

the surface can be a problem [74-76]. 

If one plans to use compositional selectivity for etch-stop purposes, the greater retardation that 

can be obtained by relatively small changes in Al content can increase the process window in 

terms of the overetch time for etching the entire wafer to a uniform depth. While overetching in 

solution, it is always important to remember that lateral etching is proceeding at a rate 

comparable to vertical etching, so significant differences in device dimension can occur for 

different overetch times.  

Table 3.1 summarizes relevant literature papers on selective wet etch recipes of AlxGa1-

xAs/GaAs. Some comments that are relevant to the fabrication requirements of AlxGa1-xAs 

devices are added for each recipe. 
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Table 3.1 Acid wet etch. 

Etchants Etch rate (μm/min) T (℃) Comments 

Citric acid/H2O2 [77] 0.6 24 no mask attack 

10 citric acid/1 H2O2 [74] 2 18 Etch rate 95:1 GaAs:Al0.3Ga0.7As 

Citric acid/H2O2 [76] 0.15–0.4 27–100 Etch rate > 80:1 GaAs:Al0.28Ga0.72As 

4 citric acid/1 H2O2 [70] 0.36 20 Etch rate > 155:1 GaAs:AlxGa1−xAs 

Citric acid/H2O2 [75] 0.006–0.040 r.t. 116:1 GaAs:Al0.3Ga0.7As 

4 citric/1H2O2/1 H2O [76] 0.35 0–27 1:1 GaAs:Al0.28Ga0.72As 

15 succinic/1 H2O2 [78, 79] 0.15 r.t. AlxGa1−xAs as f(succinic:H2O2, x, pH, T) 

HCl/4 H2O2/40 H2O [80] 0.22 r.t. Isotropic 

HF [81] 0.1 80 < 1:10 GaAs:AlxGa1−xAs for x ≥ 0.4 

Pre-cleaning in 10:1–20:1 H2O/NH4OH improves etching reproducibility. Ratios are volume ratios using 

concentrated acid sources unless otherwise indicated. Citric = 1 g citric acid/1 g H2O (50 wt% solution); 

H2O2 = 30 wt% solution; Succinic = 1 g succinic acid/5 g H2O; H2O2 = 30 wt% solution; NH4OH adjusts 

pH; r.t. = room temperature, i.e. from 19–25 ℃. 

3.4.1 Etching of GaAs against Al0.2Ga0.8As 

According to [82], etching experiments were performed in a 500-ml glass beaker at room 

temperature using citric acid-based etchants. First, anhydrous citric acid crystals were dissolved 

in H2O. Second, a pH of the citric acid solution was adjusted by the addition of NH4OH. The pH 

was controlled precisely within a range of ±0.05. Finally, this mixture was mixed with H2O2 at a 

given volume ratio. The amount of material removed during etching was determined by masking 

a portion of the substrate surface with resist from etchants and measuring the resultant step 

height. The sample was etched for a set time with no stirring. Etching was stopped by rinsing in 

H2O for approximately 1 min. The photoresist mask was then removed in acetone and blown dry 

with N2. The height of the etched step was measured using a profilometer that has a minimum 

resolution of 1 nm. 
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No measurable etching was detected for NH4OH/H2O2 at pH of 6.5. The etch rate of GaAs and 

Al0.15Ga0.85As as a function of the concentration of citric acid for the citric acid-based etchants 

with citric acid/H2O2 ratio of 100 and pH of 6.5 is shown in Figure 3.2 on the left. The 

selectivities of GaAs/Al0.15Ga0.85As and GaAs/Al0.3Ga0.7As are shown in Figure 3.2 on the right. 

The selectivity decreases with the increasing citric acid/H2O2 ratio. For a 1 wt% citric acid/H2O2 

solution, the selectivities of GaAs/Al0.15Ga0.85As and GaAs/Al0.3Ga0.7As are over 80 and 120, 

respectively. 

 

Figure 3.2  (Left) GaAs and Al0.15Ga0.85As etch rate as a function of citric acid 

concentration using a solution with citric acid/H2O2 of 100 and a pH of 6.5. (Right) Etch 

selectivity of GaAs/Al0.15Ga0.85As and GaAs/Al0.3Ga0.7As etch rate as a function of citric 

acid/H2O2 ratio at a pH of 6.5. Figures are from [82]. 

Based on the discussion, 1 wt% citric acid/H2O2 solution at a ratio of 50:1 can achieve etching of 

GaAs/Al0.2Ga0.8As with a selectivity of 100. However, the GaAs layer in the two-guide-layer 

AlxGa1-xAs chips is only 5 nm, which is for preventing the wafer from oxidizing. With such a 

thin thickness, there is no need to selectively etch GaAs with respect to Al0.2Ga0.8As. The 5 nm 

GaAs layer can be etched along with Al0.2Ga0.8As to simplify the fabrication process. 

3.4.2 Etching of Al0.2Ga0.8As against Al0.34Ga0.66As 

According to [70], using a 4:1 solution of citric acid/H2O2 at 20 °C, selectivities of 155, 260, and 

1450 have been obtained for GaAs on AlxGa1-xAs with x = 0.3, 0.45 and 1.0, respectively. The 

sample used in [70] were grown by MBE on undoped (100) GaAs substrates. Epitaxial AlxGa1-

xAs structures of various mole fractions (0 < x < 0.45) consist of a 300 Å undoped GaAs cap 
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layer, a 5000 Å AlxGa1-xAs layer and a 3000 Å GaAs buffer layer. Samples were patterned with 

AZ5214 photoresist. Citric acid monodydrate was mixed 1:1 with DI water by weight to make 

citric acid. Citric acid/H2O2 solution was prepared by adding 30% H2O2 to the citric acid in the 

desired proportion just before etching. 

It is observed that the highest selectivity for the Al0.3Ga0.7As is obtained at a solution ration, r, of 

between 3 and 4, shown in Figure 3.3 on the left. The etch mechanism of GaAs in citric 

acid/H2O2 was reported to be: with r < 2, the etch process is diffusion controlled; with r > 2, the 

etch process is reaction-rate limited. Therefore, for practical applications, it is desirable to use 

solutions with r > 2. 

 

Figure 3.3 (Left) Selectivity as a function of composition of solution. The ratio r is of citric 

acid to H2O2. (Right) Etch depth vs line width using 4:1 citric acid/H2O2 solution. Figures 

are from [70]. 

It was reported that that a remarkable etching uniformity was achieved for different etch depths 

from 0.07 6: to 0.13 6: and for different electron-beam defined lines widths ranging from 0.3 

to 2 6: [70]. Based on the above discussion, citric acid/H2O2 solution at a ratio of 4:1 can 

achieve etching of Al0.2Ga0.8As /Al0.34Ga0.66As with a selectivity of about 15. 

3.4.2.1 Experimental results 

In this section, an overview of the wet etch developments carried out in this thesis will be given. 

First, we cleave out a sample with a desirable area from a brand-new wafer. Second, the sample 
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should go through regular organic contaminant cleaning, which includes sonication in acetone 

for two minutes, sonication in IPA for two minutes and DI water rinse for about one minute. In 

situations where sonication is inappropriate, i.e. when there are fine nanostructures on the sample 

already, we can soak the sample in acetone at 50 °C (< 55°C boiling point to avoid hazards) for 

two minutes and IPA at 60°C (< 83°C boiling point) for two minutes and then rinse the sample in 

DI water. Organic contaminants can be effectively removed at an elevated temperature in 

acetone and IPA. Finally, the sample is dried using a nitrogen gun. 

The next task is to remove metal ion contaminants and native oxide. First, the sample is soaked 

in room temperature 30 wt% ammonium hydroxide/DI water at a 1:10 volume ratio for about 30 

seconds. Depending on the age of the sample, this time can vary and go up to one minute. An 

additional advantage of using ammonia is the ability of saponification (ability to hydrolyze fats). 

Second, the sample is rinsed in DI water for one minute. Finally, the sample is dried using a 

nitrogen gun. Because native oxides will regrow again right after cleaning, the deposition of 

photo-resists, or electron beam lithography resists should follow immediately (best within 10 

mins if the sample is to go through epitaxial regrowth according to the literature). 

After going through cleaning steps, the sample is ready for electron beam lithography (EBL). 

Negative tone EBL resists ma-N2405 and ma-N2410 are used. So far, the negative tone resist 

ma-N 2405 is the best choice for EBL. It has the following advantages: 1) high resolution, 2) 

good thermal stability, 3) high dry/wet etch resistance, 4) easy to remove and 5) insensitive to 

white light. 

Table 3.2 Organic contaminants removal. 

Step 1 Sonication or heated soak at 50 °C in acetone for two minutes 

Step 2 Sonication or heated soak at 50 °C in IPA for two minutes 

Step 3 Rinse in DI water for one minute 

Step 4 N2 dry up 
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Table 3.3 Metal ion contaminants removal. 

Step 1 Soak in RT 30 wt% NH4OH/DI water at a 1:10 volume ratio for about 30 seconds 

Step 3 Rinse in DI water for one minute 

Step 4 N2 dry up 

Table 3.4 EBL resist deposition and EBL using ma-N 2405 (ma-N 2410). 

Step 1 Spin coating speed 4000 rpm, 60 seconds, acceleration 584 rpm, resulting 500 nm (1200 nm 

for ma-N 2410) thickness 

Step 2 Post deposition bake 90 °C, 2.5 mins (4 mins for ma-N 2410) 

Step 3 EBL writing dose 225 μC/cm2 (175 μC/cm2 for ma-N 2410), 100 kV, current 5 nA 

Step 4 Develop in ma–D 525, (10.5 mins for ma-N 2410) 

Step 5 DI water rinse, 5 mins 

Step 6 N2 dry up 

The developed ma-N2405 photoresist samples are shown in the following figures. The 

thicknesses of ma-N2405 and ma-N2410 are about 500 nm and 1000 nm, respectively. The 

waveguide widths are generally slightly smaller than the designed values. 
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Figure 3.4 Samples of developed photoresist ma-N2405. (Left) waveguide pattern width 2 

µm, (right) waveguide pattern width 1 µm. 

  

Figure 3.5 Samples of developed photoresist ma-N2410. (Left) waveguide pattern width 2 

µm, (right) waveguide pattern width 1 µm. 

The sample is ready for wet chemical etch. The mixture is 50 wt% monohydrate citric acid with 

30 vl% H2O2 mixed at 4:1 volume ratio. The etch protocol is shown in Table 3.5. In Step 2 of 

Table 3.5, RT 30 wt% NH4OH/DI water is used to wash away any residual etchant from Step 1. 
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Table 3.5 Selective etching Al0.2Ga0.8As over Al0.34Ga0.66As in 4:1 citric acid/H2O2 solution. 

Step 1 50 wt% monohydrate citric acid/30 vl% H2O2 at 4:1, for a certain time 

Step 2 Soak in RT 30 wt% NH4OH/DI water at a 1:10 volume ratio for about 30 seconds 

Step 5 DI water rinse, for one minute 

Step 6 N2 dry up 

Scanning electron microscope images of the etched samples are shown in Figure 3.6. The etch 

depth of the sample as a function of time is shown in Figure 3.7. The etch rates for GaAs, 

Al0.20Ga0.80As and Al0.34Ga0.66As are about 360 nm/min, 180 nm/min and 1.8 nm/min [70]. The 

etch rate for Al0.20Ga0.80As has been confirmed using data shown in Figure 3.7. It should take 

about 40-41 seconds to etch through the 120 nm Al0.20Ga0.80As layer. The etch rate for 

Al0.34Ga0.66As has also been confirmed. After the first 40 seconds, which is supposed to be 

enough to etch through the 120 nm Al0.20Ga0.80As, the increase of etch depth was only about 6 

nm for another 30 seconds, meaning an etch rate of 12 nm/min. Therefore, the selectivity 

between Al0.20Ga0.80As and Al0.34Ga0.66As is about 15. 

  

Figure 3.6 Samples etched in citric acid/H2O2. Photoresist still remains on the etched 

nanostructures. 
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Figure 3.7 Etch depth of the sample as a function of time in citric acid/H2O2 solution. Etch 

depths were measured at multiple points (number of points ≥ 3) of a sample using scanning 

electron microscope (SEM). Error bars representing one standard error are shown. 

3.4.3 Etching of Al0.34Ga0.66As against Al0.5Ga0.5As 

According to [78], it was found that AlxGa1-xAs (x < 0.4) may be selectively etched with respect 

to AlyGa1-yAs (f ≥ 0.5), with a selectivity higher than 150. Extended surface exposure to air was 

found to affect the etch rates, most interestingly for Al0.4Ga0.6As. Several AlxGa1-xAs samples 

were grown in a Varian Gen II molecular beam epitaxy machine and used to determine the etch 

rates. In all AlxGa1-xAs samples with higher mole fractions (x > 0.5), 100 Å GaAs caps were 

grown to prevent the samples from oxidizing. All etch-rate data were obtained from etching 

under constant stirring with a magnetic bar. In all cases, the etched surface exhibited featureless 

morphology. Of course, since the etching solution studied here is primarily intended for selective 

etching, and etch stop layers naturally provide flat templates. For the AlxGa1-xAs system, an 

etching solution consisting of 20 g of succinic acid, 100 ml of water, and 6.7 ml of hydrogen 

peroxide was selected. Enough ammonium hydroxide was then added to raise the pH of the 

solution to 4.2. Figure 3.8 shows the dependence of the etch rate on the aluminum mole fraction. 

The etch rate remains fairly constant between mole fractions of 0 and 0.4, and falls more than 

one hundredfold from Al0.4Ga0.6As to Al0.5Ga0.5As. Consequently, AlxGa1-xAs (x < 0.4) may be 

etched over AlyGa1-yAs (f ≥ 0.5), with a selectivity better than 150. In effect, the succinic 
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acid/hydrogen peroxide system performs a function opposite to that of hydrofluoric acid, which 

etches higher-mole-fraction AlxGa1-xAs faster. For the higher mole fractions, it was necessary to 

leave the samples in the etching solution for up to 2 h. Separate experiments were conducted to 

verify that the lifetime of the solution was more than 2 h. Once the etch rates were determined, a 

multilayer structure was grown to demonstrate selective etching. A layer of Al0.4Ga0.6As was 

selectively etched over an Al0.6Ga0.4As etch-stop. The Al0.4Ga0.6As layer used in these 

experiments was not capped with GaAs, and we found that the etch rate for such uncapped 

samples depends on the length of exposure to air. As shown in Figure 3.8, the etch rate dropped 

by a factor of about 75 after exposure to air for one day. Exposure to air for an hour, however, 

did not affect the etch rate significantly. Presumably, the formation of a thick native oxide layer, 

coupled with the relative inability of succinic acid to dissolve it, reduces the etch rate to very low 

values, at least for the first 2 h. For mole fractions of 0.3 or less, long-term exposure to air did 

not affect the etching rate significantly. For mole fractions higher than 0.4, the etch rate for the 

fresh surface was already too small to be of much practical interest, except as an etch-stop layer. 

The sharp drop in the Al0.4Ga0.6As etch rate upon exposure to air may in fact find applications. It 

may be possible to preferentially recess Al0.2Ga0.8As with respect to Al0.4Ga0.6As by using an 

etching solution kept at room temperature. Figure 3.8 also depicts the etch rates for the long-term 

air-exposed Al0.4Ga0.6As samples etched in succinic acid-hydrogen peroxide solutions which 

were heated to 65 °C. In this heated solution, the etch rate of Al0.6Ga0.4As is more than 30 times 

slower than that of Al0.4Ga0.6As. Therefore, Al0.4Ga0.6As may be recessed with respect to 

Al0.6Ga0.4As either by etching fresh material at room temperature or by raising the solution 

temperature to 65°C for an air-exposed surface.  

The conclusion is selective etching of Al0.34Ga0.66As over Al0.5Ga0.5As can be as high as 150. 
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Figure 3.8 Etch rates of AlxGa1-xAs as a function of the aluminum mole fraction x for fresh 

samples etched at room temperature (filled circles), air-exposed samples etched at room 

temperature (open circles), and air-exposed samples etched at 65 °C (open triangles). 

Figure is from [78]. 

3.4.3.1 Experimental results 

The sample preparation steps are similar as in Section 3.4.2.1. The mixture for the chemical etch 

is succinic acid (made of 20 grams crystalline succinic with 100 ml DI water), and 6.7 ml of 30 

vl% H2O2. The etch protocol is shown in Table 3.6. In step 2, RT 30 wt% NH4OH/DI water is 

used to wash away any residual etchant from step 1. 

Table 3.6 Selective etching Al0.34Ga0.66As over Al0.5Ga0.5As in 15:1 succinic acid/H2O2. 

Step 1 Succinic acid/H2O2 mixed at 15:1 volume ratio, etch for a certain time 

Step 2 Soak in RT 30 wt% NH4OH/DI water at a 1:10 volume ratio for about 30 seconds 

Step 3 DI water rinse, for one minute 

Step 4 N2 dry up 
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Figure 3.9 Samples etched in succinic acid/H2O2. Photoresist still remains on the etched 

nanostructures. 

 

Figure 3.10 Etch depth of the sample as a function of time in succinic acid/H2O2 solution. 

The first two layers (the 5 nm GaAs and 120 nm Al0.20Ga0.80As) of the samples used here 

were etched by citric acid first. 
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Figure 3.11 Etch depth of the sample as a function of time in succinic acid/H2O2 solution. 

The etch rate for Al0.34Ga0.66As is about 160 nm/min and the etch rate for Al0.50Ga0.50As is about 

4 nm/s. The measured selectivity is about 40. Etch depths were measured at multiple points 

(number of points ≥ 3) of a sample using scanning electron microscope (SEM). Error bars 

representing one standard error are shown in Figure 3.10 and Figure 3.11. 

3.5  Fabrication of suspended waveguides using HF  
This work was done in collaboration with Pisek Kultavewuti. My main contribution to the work 

is the fabrication of the waveguides. 

3.5.1 Hydrofluoric acid family of etchants 

The hydrofluoric acid family of etchants require the addition of an oxidizer to etch GaAs. 

However, HF without oxidizers can selectively etch AlxGa1-xAs with an Al mole fraction x > 0.5. 

As early as 1978, it was noted by Konagai et al. that thick Al0.7Ga0.3As films exhibited rapid 

isotropic etching when immersed in an HF solution, while pure GaAs and Al0.5Ga0.5As remained 

unaffected by the etchant [83]. Further investigations by Yablonivitch et al. revealed that HF in 

varying concentrations is an effective isotropic etchant for AlxGa1-xAs when the aluminum mole 

fraction is greater than x = 0.5, while exhibiting a precipitous decrease in etch rate for mole 

fractions below x = 0.4, with a remarkable etch selectivity greater than 107 [84]. This etch system 

was initially of interest in solar cell production as a cost-effective method for fully releasing 
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large-area (> 1 cm2) single crystal heterojunction multilayers from GaAs substrates. Now it is 

generally of particular importance for intrinsically large area, thus expensive devices like high 

efficiency III-V solar cells [85] and the integration of high quality optoelectronic III-V structures 

on silicon large scale integrated circuits [86, 87]. Etch rates of AlxGa1-xAs in different HF 

concentrations have been analyzed in detail in [88]. The results are reproduced and shown in 

Figure 3.12. In order to fabrication a highly confining suspended waveguide, we are interested in 

etching the Al0.7Ga0.3As lower cladding, while retaining the Al0.3Ga0.7As and Al0.2Ga0.8As layers 

of the waveguide core, the wafer structure of which is shown in Table 3.7. As can be seen from 

Figure 3.12, in 10% HF, the etch rate of Al0.7Ga0.3As is about 0.4 µm/min while that of 

Al0.3Ga0.7As is only 3×10-5 µm/min, providing a selectivity of 104. Etching of AlxGa1-xAs for 

micromachining has been reported using HF concentrations of 10% or less [89, 90]. It has been 

suggested that higher HF concentrations may result in excessive generation of H2 bubbles as an 

etch product, which can prevent further etching or even crack the supporting film [84]. 

Therefore, we chose 10% HF as the etchant for suspended waveguide fabrication. 

 

Figure 3.12 Lateral etch rate of AlxGa1-xAs versus Al mole fraction at different HF 

concentrations. Figure is from [88]. 

Adding H2O2 to HF allows GaAs to be etched as well, and the selectivity depends on the 

acid/oxidant ratio. Compared to the hydrofluoric acid family, many etchants that have been 

developed for sacrificial GaAs etching, such as ammonium hydroxide [91], citric acid [74, 75], 

or succinic acid [79] combined with hydrogen peroxide, provide only moderate selectivity to 
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AlxGa1-xAs films, on the order of 100:1 for GaAs:Al0.3Ga0.7As. Despite the potential advantages 

of the hydrofluoric acid family for sacrificial GaAs etching, when researchers want to selectively 

etch GaAs versus AlxGa1-xAs, a less dangerous etchant is always preferred. These less dangerous 

etchants have been talked about in Section 3.4. 

3.5.2 Suspended waveguides for nonlinear optics 

The III-V semiconductor AlxGa1-xAs has been shown to be an ideal nonlinear material due to a 

combination of large second and third order nonlinear coefficients while allowing for operation 

in a wavelength region with low two-photon absorption. More recently, AlxGa1-xAs has been 

proposed as a candidate material for integrated quantum photonics [92], where it offers low-loss 

optical waveguides and electro-optic modulators. Integrated waveguides in GaAs/AlxGa1-xAs 

have been shown to be an excellent platform for a range of nonlinear optical effects. In 

particular, nonlinear waveguides efficiently perform wavelength conversion [93-95], the 

generation of supercontinuum light sources [96, 97] and the production of correlated photon 

pairs [98-101]. 

   

Figure 3.13 (a) Cross-section of a deep etched AlxGa1-xAs nonlinear waveguide, and (b) a 

cross-section of a suspended waveguide fabricated with dry and wet etchings. 

The efficiency of a third-order nonlinear optical interaction depends on the mode confinement 

and the dispersion of the waveguide [102], which is enhanced in a high index contrast waveguide 

[94, 103]. A typical AlxGa1-xAs nonlinear waveguide consists of a deep etched structure as 

shown in Figure 3.13(a). In this structure only the horizontal axis experiences a high index 

contrast, while the index contrast in the vertical direction is much smaller [93, 94, 104, 105]. 
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As a consequence, only the dispersion properties of the transverse electric (TE) mode, whose 

major electric field is horizontally oriented, can be controlled by the waveguide geometry. Only 

the TE mode can be engineered to have a zero dispersion in the 1500 nm telecommunications 

window [106]. On the other hand, the dispersion behavior of the transverse magnetic (TM) mode 

remains close to that of the bulk material. As a consequence, the waveguide has a considerable 

polarization mode dispersion that can limit the efficient generation of photonic polarization-

entangled states in terms of the entanglement level and the state production bandwidth [107]. An 

independent control over the dispersion properties of both the TE and TM modes is necessary in 

order to optimize the nonlinear interaction for the two fundamental modes. Hence, a nonlinear 

AlxGa1-xAs waveguide with a high index contrast in two dimensions is needed. This can be 

achieved with an AlGaAs-on-insulator (AlGaAsOI) approach [10, 108]; however, the technique 

involves wafer bonding, and limits the potential for vertical integration. 

In this work, we fabricate and characterize 2D high index contrast AlxGa1-xAs waveguides made 

from a multi-layer AlxGa1-xAs wafer that could potentially find applications in monolithic and 

vertical integration of passive and active devices. We report on the design, fabrication and testing 

of a symmetrical, suspended AlxGa1-xAs waveguide fabricated using a combination of wet and 

dry etching techniques; the cross-section of such waveguides is depicted in Figure 3.13(b). Such 

a waveguide allows for the independent control of the dispersions for the TE and TM modes, 

reduces substrate leakage loss, and opens up the possibility of opto-mechanical effects based in 

AlxGa1-xAs structure. 

3.5.3 Fabrication and measurement results 

The sample was prepared from a multi-layer AlxGa1-xAs structure, which was grown via metal-

organic chemical vapor deposition (MOCVD) technique on a GaAs substrate. The details of the 

wafer structure are shown in Table 3.7 and schematically in Figure 3.13. First, we cleaved a 

sample with an area of about 2×2 cm2, removed the 10 nm GaAs cap (layer no. 5) in a 50w.t.% 

citric acid:H2O2 at 4:1 volume ratio for two minutes (the recipe was described in Section 3.4.2), 

and removed the upper cladding (layer no. 4) in a 10% 1.5-molarity hydrofluoric (HF) acid in 

H2O for two minutes [88]. The HF solution only removed the AlxGa1-xAs layer with x = 70% 

aluminum concentration from the wafer and left the core material (layer n. 2 and layer n. 3 in 

Table 3.7) intact. We proceed to fabricate deep etched AlxGa1-xAs waveguides using a 
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combination of electron beam lithography (EBL) and ICP-RIE dry etching techniques in which 

we achieved an etch depth of 2000 nm [109]. The etch depth of 2000 nm was deep enough to 

expose the Al0.7Ga0.3As layer (layer n. 1 in Table 3.7) for the subsequent HF etch. More details 

of the dry etch techniques are presented in Chapter 4. We then deposited a layer of PMMA onto 

the whole sample, and removed it only in the areas designed for suspended waveguides. The 

sample was then dipped in to the same HF solution for 70 seconds to dissolve the lower cladding. 

Finally, the end facets of the sample were cleaved to form coupling facets.  

Table 3.7 Details of the multi-layer AlxGa1-xAs wafer used to fabricate suspended AlxGa1-

xAs waveguides, listed from bottom to top. The term x and n are the aluminum molar 

fraction and refractive index, calculated at the wavelength of 1550 nm and at 300 K based 

on [60]. 

layer no. Function thickness [nm] x n 

5 GaAs cap 10 0 3.3753 

4 AlGaAs cladding 200 0.70 3.0232 

3 AlGaAs core 200 0.20 3.2662 

2 AlGaAs core 500 0.30 3.2150 

1 AlGaAs cladding 4000 0.70 3.0232 

0 GaAs substrate  0 3.3753 

Figure 3.14(a) shows a scanning electron microscope (SEM) image of the suspended waveguide 

and the associated bridge structures used to support the structure. An overview of the chip is 

shown schematically in Figure 3.14(b). The area outside the wet etched area (purple box in 

Figure 3.14(b)) is protected from the HF solution and the waveguides have a typical deep etched 

structure. The full-cladding waveguides are necessary to support the ends of the waveguide and 

for coupling to the suspended section. A transition region between the two waveguide structures 

exists at the interface between the wet etched and non-wet etched regions and is highlighted with 

a blue box in Figure 3.14(a). Since the transition region is formed by wet etching, which is 

challenging to control, the number of the transition region should be kept as low as possible. To 

facilitate input and output end-fire coupling via the full-cladding waveguide, two transitions are 

required. Another important component is the bridge that provides a mechanical support of the 
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suspended waveguide. Since the bridge is in contact with the suspended waveguide, it can 

perturb the propagation along the waveguide and induce additional loss. The simplest bridge 

structure is one where the main waveguide and the bridge cross each other without any change in 

shape around the crossing location. Intuitively, the narrower the width of the bridge, the less 

insertion loss of the crossing. The structure of the bridge crossing was further optimized to 

reduce the insertion loss, the optimization method of which is detailed in [110]. Using the 

particle swarm optimizer in Lumerical® FDTD [111], an average transmission of 98% per 

crossing was obtained in the wavelength range between 1500 nm and 1600 nm, for waveguide 

widths between 700 nm and 1000 nm. 

   

Figure 3.14 (a) A micrograph of a suspended waveguide device. (b) A top-view schematic of 

the structure of the suspended waveguide. 

The resultant devices in this sample are (1) 2-mm-long full-cladding waveguides, (2) suspended 

waveguides that are 100 to 500 microns long and without a bridge, (3) suspended waveguides for 

the same lengths but with one simple bridge, (4) 2-mm-long suspended waveguides with 4, 9, 

and 19 optimized bridges that are evenly distributed, and (5) 2000-nm-wide full-cladding 

waveguides whose lengths span from the sample input facet to the output facet. The width of the 

waveguides in groups (1), (2), (3) and (4) varied from 600 nm to 1300 nm with an increment of 

50 nm. The ends of these waveguides were tapered to 2000-nm-wide full-cladding waveguides 

that extended to the edge of the sample for power coupling. This set of devices allowed us to 

extract the propagation loss of the suspended waveguides that was in addition to the 

corresponding full-cladding waveguides and the insertion loss of the bridge. The simple bridges 

were constructed with various main waveguide widths but a fixed bridge width of 500 nm. 
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We characterized the propagation losses of the waveguides using the Fabry-Perot (FP) 

measurement technique; the experimental setup is shown in Figure 3.15. A tunable, continuous-

wave (cw) laser source (TLS) operating in the telecommunication band was coupled into the 

waveguide using a 40x microscope objective. A combination of fiber polarization controller 

(FPC), half-wave plates (H), and polarization beam splitter (PBS) were used to adjust the optical 

power and the linear polarization state of light to selectively excite solely the TE or TM mode. 

As the wavelength of the continuous-wave (cw) tunable laser source (TLS) is swept with in a 5 

nm bandwidth centering at 1550 nm, the input and output powers are recorded at the two power 

meters (PMs). 

 

Figure 3.15 A Fabry-Perot transmission measurement setup; including a tunable laser 

source (TLS), a fiber polarization controller (FPC), a collimating lens (CL), half-wave 

plates (H), a polarization beam splitter (PBS), a beam sample (BS), power meters (PM), 

and objective lenses (Obj). 

3.5.4 Results and Discussion 

The losses of a 2 µm-wide, standard waveguide were measured to be 10±1 and 16±1 dB/cm for 

the TE and TM polarizations respectively. The propagation loss of other narrower full-cladding 

waveguides is plotted with green diamonds in Figure 3.16 for both the TE (left) and TM (right) 

modes. The error bars for these measurements were ±1 dB, including the uncertainty in 

estimating facet reflectivity and detected power fluctuations. For waveguide widths larger than 

900 nm, the TE mode has an average propagation loss of 11 dB/cm. The loss then rises abruptly 

when the waveguide width narrows. This is due to a larger electric field at the side wall and 

hence a larger scattering loss due to surface roughness. In addition, the TE mode suffers from 

substrate leakage since it is squeezed laterally by the waveguide sidewall. The average 

propagation loss for the TM mode is about 25 dB/cm. It is generally higher than that of the TE 
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mode in the full-cladding waveguides because its electric field component is vertically-

orientated, experiences less index contrast, and therefore leaks more to the substrate. Note that 

the full-cladding waveguides that are narrower than 850 nm are too lossy to characterize using 

the FP method. 

The propagation loss of the suspended waveguides was measured for devices with 500-µm-long 

suspended section. The total insertion loss was measured and the contributions due to the input 

and output waveguide connections were subtracted. An estimate for the transition loss between 

the suspended and non-suspended waveguides were obtained from a 3D-FDTD simulation: as T 

= 0.95 (TE) and T = 0.90 (TM). For the waveguides wider than 950 nm, the propagation loss for 

the TE mode for different widths has a large degree of scatter which could be attributed to the 

nonideality in the fabrication process. Nonetheless, given a flat trend of the loss observed in the 

full-cladding waveguides, the average of the measured loss can be estimated for the suspended 

waveguides. For the TE mode of these waveguides, the average propagation loss is 25±1 dB/cm. 

For waveguides narrower than 950 nm, the propagation loss increases as the width decreases as 

expected. On the other hand, the average propagation loss of the TM mode in the suspended 

waveguide is 34±1 dB/cm. 

   

Figure 3.16 The propagation loss of the TE (left) and TM (right) modes in several full-

cladding and suspended waveguides. 

The propagation losses of these waveguides are high, which could be attributed to the sidewall 

roughness formed at the dry etching step. We note that deep etched waveguides with very low 

propagation loss has been demonstrated [104]. Hence, we project that it is possible to reduce the 

propagation loss of the suspended waveguide much further by starting with a low-loss dry 
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etching procedure and optimized wet etching. In summary, we fabricated suspended AlxGa1-xAs 

waveguides that could improve optical nonlinear effects due to a higher 2D high index contrast. 

The demonstration of suspended waveguides structures could find potential applications in the 

monolithic and vertical integration of passive and active devices. The propagation losses of such 

waveguides are measured to be 25±1 dB/cm and 34±1 dB/cm for the TE and TM mode, 

respectively, which are still high but could be further reduce by optimizing both the dry and wet 

etching steps. Results are published in [110]. 

3.6 Conclusion 
In this chapter, we discussed wet chemical etch recipes based on our two-guide-layer AlxGa1-xAs 

chips. The Al0.20Ga0.80As layer can be etched with a selectivity of 15 with respect to 

Al0.34Ga0.66As layer. The Al0.34Ga0.66As layer can be etched with a selectivity of 40 with respect 

to Al0.50Ga0.50As layer. The etched surface is very smooth. As expected, the wet etch recipes 

produce undercut and slanted sidewalls, which is undesirable for fabrication of AlxGa1-xAs 

devices. Because the etch proceeds laterally and creates more undercut after the vertical etch has 

been almost stopped, etch time need to be precisely controlled to fabricate AlxGa1-xAs devices to 

certain dimensions. However, wet chemical etch recipes are known to have minimal adverse 

effects on the electronic properties of the devices. This is good for a lot of applications such as 

lasers and detectors fabrication.  

In addition, we reported on the design, fabrication and testing of a symmetrical, suspended 

AlxGa1-xAs waveguide fabricated using a combination of wet etching techniques using HF and 

dry etching techniques, which is the topic of Chapter 5. The suspended AlxGa1-xAs waveguide 

allows for the independent control of the dispersions for the TE and TM modes, reduces 

substrate leakage loss, and opens up the possibility of opto-mechanical effects based in AlxGa1-

xAs structure. 
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Chapter 4  
Dry etch techniques for AlGaAs devices 

 Dry etch techniques for AlGaAs devices 
This chapter introduces the procedures of developing dry etch recipes for fabricating highly 

anisotropic waveguides. 

4.1 Inductively-coupled plasma (ICP) RIE 
Dry etch techniques are essential for the precise fabrication of optoelectronic devices, which 

requires accurate control of etch rate, selectivity, structural profile, and surface morphology 

while minimizing device damage. The widely used high-density plasma etch systems for GaAs 

are electron cyclotron resonance (ECR) and inductively coupled plasma (ICP) systems. These 

systems have resulted in improved etch characteristics as compared to conventional reactive ion 

etching (RIE). This is attributed to plasma densities that are 2 to 4 orders of magnitude higher 

than RIE, thus improving the III-V bond breaking efficiency, sputter and desorption of etch 

products formed on the surface. Additionally, since ion energy and ion density can be more 

effectively decoupled, plasma-induced damage is more readily controlled. In general, ICP 

sources are more attractive than ECR sources, due to their less complicated design, better process 

control and easy scaling up for production [112]. In an ICP etcher, the ion energy incident on the 

wafer can be effectively decoupled from the plasma generation by independently applying rf 

power to the wafer chuck, allowing for the possibility of low etch-induced damage at high etch 

rates. 

There have been tremendous efforts in analyzing etching characteristics in various gas mixtures, 

such as Cl2/BCl3/Ar [113, 114], Cl2/BCl3 [115, 116], Cl2/N2 [117-120], Cl2/Ar/O2 [121, 122], 

BCl3/N2 [123-126], BCl3/Ne/Ar [127, 128], SiCl4/Cl2/Ar [129, 130], and SiCl4/O2/N2 [131]. 

Among these gas mixtures, Cl2 and BCl3 are the main gases that provide strong chemical etching 

characteristics while Ar, N2, O2, and Ne provide a mechanism of balancing chemical etching 

with physical sputtering. Cl2 dissociates easily and possesses the strongest chemical reactivity. 

Isotropic waveguide sidewalls are usually created if only Cl2 is used. BCl3 is less reactive 

compared to Cl2. It is mainly used to remove native oxide, scavenge water vapor, improve 

sidewall passivation, reduce residue formation and suppress post etch corrosion for GaAs 
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microwave device fabrication. The combination of Cl2 and BCl3 is the most popular candidate 

for etching GaAs devices. There is a trend of using BCl3/Cl2 in combination with N2 because N2 

is known to passivate waveguide sidewalls more efficiently and is easier to control waveguide 

verticality. 

In terms of applications, ICP-RIE recipes are used in fabricating optical waveguides [113, 122, 

129, 130, 132], photonic crystals [114, 119, 123, 124], via holes [115, 116, 128], nanowires 

[118] and so on. The feature sizes that are involved in the fabrication of optical waveguides, 

photonic crystals and nanowires are usually between tens of nanometers to a couple of microns. 

The etch rates for such structures are in the range of 100 nm/min to a couple of µm/min. During 

the fabrication of high quality optical devices, a lot of practical issues need to be considered, 

including chamber conditioning [129], uniformity [125], mask stripping [133], surface 

morphology [134]. In comparison, the fabrication of via holes often involves feature sizes in the 

range of a couple of hundred micrometers. The etching characteristics are usually not applicable 

to the fabrication of optical waveguides. 

4.2 Optical waveguide fabrication challenges 
Selective etching of GaAs over AlGaAs or InGaP is possible in some gas compositions, i.e. 

BCl3/SF6/N2/He [125, 132, 135, 136]. Selectivity of GaAs over AlxGa1-xAs (x = 0.2) > 200:1 has 

been reported [132, 135]. While selective etching of GaAs over AlGaAs provides a means to 

fabricating high quality optical waveguides, it is not always necessary and sometimes can be 

prohibitively complex or impossible depending on the wafer design. Alternatively, optical 

emission spectroscopy, when available, can be utilized to stop an epitaxy layer [126]. In Chapter 

3, we explored wet etch techniques which relied on selectivity between AlxGa1-xAs with different 

aluminum concentrations (different x values). However, for ICP-RIE techniques, in order to 

provide selectivity, etch stop layers are usually inserted between AlxGa1-xAs layers. This is 

problematic for wavelength around 850 nm, because the workable etch stop layers have lower 

bandgap energies and induce unacceptable absorption losses in the devices [137]. Without etch 

stop layers, the inability to achieve accurate etch depth control can render devices useless. 

In the MGVI scheme, multiple waveguide levels are stacked on top of each other with each level 

hosting a different type of device. Because of the variety of functionalities, the dimensions of the 

devices can vary significantly. Etch depths between 100 nm and 3 µm need to be precisely 
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achieved in multiple etching steps in a single chip. Fabrication of the chips need to on highly 

precise and anisotropic etching using recipes that do not reply on etch stop layers. In this chapter, 

we present ICP-RIE fabrication techniques for MGVI AlxGa1-xAs based PICs. Two dry etch 

recipes have been developed with almost two orders of magnitude difference in etch rates. The 

first one used BCl3 and achieved an etch rate of 0.25 nm/s while the second one used Cl2/N2 

gases and achieved an etch rate of more than 20 nm/s. We fabricated simple AlxGa1-xAs 

nanowaveguides of 800 nm width using these recipes and measured a propagation loss of 6.7 

dB/cm at the wavelength of 850 nm. While previous attempts at building MGVI chips were 

mainly made in the InGaAsP material system, the recipes described in this chapter represent an 

important step forward in demonstrating the feasibility of making MGVI chips in the AlxGa1-xAs 

material system 

4.2.1 Wafer structure 

 

Figure 4.1  a) Wafer schematic showing layer thicknesses and refractive indices. b) TE 

mode profile for an 800 nm wide waveguide in the high confinement upper layer. c) TE 

mode profile for a 4 µm wide waveguide in the lower layer. Figures are from [109]. 

The wafer used in the experiment consists of five AlxGa1-xAs layers with different aluminum 

concentrations. They are a 5 nm GaAs, a 120 nm Al0.2Ga0.8As, a 250 nm Al0.34Ga0.66As, a 4 µm 

Al0.5Ga0.5As and a 3.5 µm Al0.63Ga0.37As from top to bottom and are grown on an n-type (100) 

GaAs substrate. The first three layers on the top are suitable for implementing high refractive 

index contrast waveguides for on-chip signal processing. The two bottom layers are good for 

making large-dimension waveguides that facilitate end-fire coupling. Schematic of the wafer 

structure is shown in Figure 4.1(a). Modal fields were simulated using Lumerical® MODE 
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solutions. The electric field intensities of TE modes of high confinement waveguide and large 

waveguide are shown in Figure 4.1(b) and (c), respectively. 

4.2.2 Sample preparation 

Test samples were prepared using the following process steps. Firstly, a large sample was soaked 

in acetone for 10 mins and then in IPA for 10 mins. Secondly, the sample was soaked in 30% 

NH4OH:DI water = 1:10 for 30 seconds and then rinsed with running DI water for 30 seconds. 

Lastly, either ma-N2400 series photoresist, or HSQ was spin coated on to the sample. Simple 

waveguides with various widths were exposed using e-beam lithography (EBL). The resultant 

samples were masked with 500 nm ma-N2405, 1000 nm ma-N2410 or 600 nm HSQ. The 

samples prepared using HSQ were hard-baked at 250 °C for 60 mins to improve hardness. We 

cleaved the large sample into smaller pieces with an area about 25 mm2. Etching was carried out 

in Oxford Instruments Plasmalab system 100 with ICP 380 which can handle 4” diameter wafers 

and has a 380 mm diameter ICP source. Substrate DC bias is independently controlled by an RF 

generator at 13.56 MHz. The inductively coupled plasma source is a 380 mm diameter coil 

powered by a 1.7-2.1 MHz generator that can deliver up to 5 kW. Oxford Instruments Plasmalab 

system 100 with ICP 380 etch sources produce a high density of reactive species at low pressure. 

All samples were etched for 4 mins unless otherwise noted. The two baseline recipes for fast and 

slow etch are listed in Table 4.1. 

Table 4.1 Baseline recipes for fast and slow etch recipes. Table is from [109]. 

 Pressure (mTorr) rf power (W) ICP power (W) Gas flow (sccm) Temperature (°C) 

Slow etch recipe 5 200 600 50 BCl3 10 

Fast etch recipe 5 50 600 20 Cl2/5 N2 20 

4.3 Slow etch recipe with BCl3 
In order to fabricate the highly confining waveguides on the upper layer very precise control of 

the etch depth is required. To achieve this, we developed the following BCl3 etch process. It is 

known that BCl3 scavenges aluminum oxides and eliminates lag times [138]. This is crucial in 

achieving a precise shallow etch because a fast etch recipe with unpredictable lag times 

inevitably diminishes the accuracy of the etch depth. It has also been reported that BCl3 achieved 
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equi-rate etching for AlxGa1-xAs of different aluminum concentrations [139]. These two factors 

are important since the slow etch recipe was used in etching the top layers which were prone to 

native oxides and encompassed several AlxGa1-xAs layers. We kept the chamber pressure 

constant at 5 mTorr in the experiment but varied other parameters, including rf power, ICP 

power, gas flow rate and temperature. Samples with 500/1000 nm ma-N2405/2410 were used. 

Etch depths were obtained from at least four locations on the small sample, which had an area of 

about 25 mm2. Etch rates were calculated as the averaged depths divided by etch times. The 

same etch depth measurement and etch rate calculation methods were followed throughout this 

Chapter. 

 

Figure 4.2 Etch rate and DC bias voltage as a function of (a) rf power at 600 W ICP and (b) 

ICP power at 200 W rf, respectively, at 5 mTorr, 50 sccm BCl3 and 10 °C. Samples were 

etched for 2 mins. Photoresist ma-N2410 was the mask. Figures are from [109]. 

The etch rate showed little change when the rf power was varied from 50 to 200 W. This can be 

understood as the dominant etch mechanism was chemical etching. Increasing the rf power 

basically increased ion energy and physical sputtering, which remained insignificant under the 

conditions explored. When the ICP power was varied from 300 to 800 W, the etch rate increased 

significantly due to increased ion density and flux. We recorded the DC bias voltage of the 

sample chuck. For samples etched using recipes from Figure 4.2, sidewalls were found to be 

overcut when the DC bias was higher than 400 V. A close examination revealed that the overcut 

emerged because of photoresist reflow which then covered the sidewalls as etching proceeded. 

As a result, the widths of the waveguides were larger at the bottom of the structure. On the other 
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hand, samples showed undercut sidewalls when DC bias voltage was about 200 V. This could be 

attributed to no resist reflow and insufficient ion energy for ion assisted chemical etching. 

Overall, an rf power of 100 W seemed to strike a balance. Samples etched using recipes from 

Figure 4.2(a) are shown in Figure 4.3.  

 

Figure 4.3  Scanning electron micrographs of samples etched using rf power (a) 50 W, (b) 

100 W and (c) 200W at 5 mTorr, 600 W ICP, 50 sccm BCl3 and 10 °C. Figures are from 

[109]. 

 

Figure 4.4  Etch rate as a function of BCl3 flow rate. (a) Two ICP power levels were 

examined at 5 mTorr, 200 W rf and 10 °C. 512 V and 500 V bias voltages were recorded for 

both ICP power levels. (b) Two temperatures were examined at 5 mTorr, 100 W rf and 300 

W ICP. 350 V bias voltage was recorded for both temperatures. Figures are from [109]. 
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Figure 4.5 (a) Etch rate as a function of temperature at 5 mTorr, 100 W rf, 300 W ICP and 

20 sccm BCl3. 350 V bias voltage was recorded. (b) Etch rate as a function of ICP power at 

5 mTorr, 100 W rf, 10 sccm BCl3 and 20 °C. 300 V bias voltage was recorded between 50 W 

and 200 W. 350 V bias voltage was recorded at 300 W ICP. Figures are from [109]. 

 

Figure 4.6 SEMs of samples etched using (a) 10sccm and (b) 20sccm BCl3 at 5 mTorr, 100 

W rf, 300 W ICP and 10 °C. Figures are from [109]. 

The change of etch rate as a function of gas flow rate was also examined. As shown in Figure 

4.4(a), the gas flow rate didn’t noticeably influence the etch rate at an ICP power level of 300 W. 

A similar trend was reported by [140] and therefore running excessive gas was discouraged. At 

an ICP power level of 600 W, the etch rate was about 50% higher at a BCl3 flow rate of 50 sccm 

owing to an increased ion concentration coupled with a higher ion flux at the elevated ICP 

power. Overall, the etch rate was reduced by about half when the ICP power was changed from 

600 W to 300 W, indicating a diffusion-limited etch: higher ICP power induced a higher ion flux 
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which carried away etch byproducts faster and resulted in higher etch rates. The photoresists ma-

N2405 and ma-N2410 were used for the 300 W and 600 W ICP power, respectively. Due to 

strong physical sputtering, overcut sidewalls resembling Figure 4.3(c) were observed in both 

cases. Therefore, we decreased the rf power to 100 W and set the 300 W ICP power as a ‘new’ 

baseline. As shown in Figure 4.4(b), etch rate was almost invariant at 10, 20 and 30 sccm BCl3 at 

10 °C and 20 °C. Figure 4.6 shows samples that were etched using 10 and 20 sccm BCl3 at 10 

°C. 

To further confirm temperature dependence of etch rate, we varied temperature up to 40 °C. A 

decline in etch rate can be seen in Figure 4.5(a). This trend could be explained as follows. It’s 

known that ions traversing the ion sheath region would assume the substrate temperature long 

before they reach the substrate. A higher temperature resulted in stronger scattering thus fewer 

ions reached the substrate. While the elevated temperate didn’t increase the chemical reactivity, 

it led to weaker desorption of byproducts and thus a lower etch rate. Lowering the ICP power 

would decrease etch rate and give reasonably low etch rates. As shown in Figure 4.5(b), etch rate 

as low as 2.5 Å/s could be obtained and resultant DC bias was reasonably low. Selectivity of ma-

N 2400 series photoresist was larger than 2:1. The rapid drop of etch rate when ICP power was 

reduced to 200 W could be attributed to a combination of reduced ion flux, which reduced 

desorption, and insufficient reactive ions, which limited reaction with the substrate. Further 

exploration was not carried out. Samples etched under these temperatures and ICP power had 

almost the same profile as shown in Figure 4.6. 

4.4 Fast etch recipe with Cl2/N2 
The large coupling waveguide in the lower layer requires a much deeper etch. To facilitate the 

fabrication of vertically integrated waveguides, we developed the following fast etch process 

based on a combination of Cl2/N2. Compared to Ar, N2 is preferred for balancing chemical 

activity and physical sputtering [112, 117]. N2 can also passivate sidewalls and gives more 

flexibility to control the sidewall profile. In addition, a two-compound composition makes it 

easier to vary the interplay between chemical etching and physical sputtering. Samples with 600 

nm HSQ were used in the following experiments. 
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Figure 4.7 (a) Etch rate as a function of Cl2 concentration at 5 mTorr, 50 W rf, 600 W ICP 

and 20°C. The total flow rate of (Cl2+N2) was kept constant at 25 sccm. (b) SEMs of 

samples etched using 80% Cl2 concentration for 3 mins. The inset shows the 20 nm thick 

passivation layer. (c) SEMs of samples etched using 60% Cl2 concentration for 4 mins. 

Figures are from [109]. 

Increasing the rf power increases the ion energy and therefore the sputter rate. In order to protect 

the passivation layer, the rf power needs to be reasonably low. Another reason is Cl2 dissociates 

easily and the chemical reactivity of the gas composition can be too high to achieve anisotropic 

etching. We found a quadratic relationship between etch rate and chlorine concentration. A very 

similar relationship was reported in [112]. A thin passivation layer can be seen in Figure 4.7, the 

average thickness of which was about 20 nm. Increasing the N2 concentration increased the 

passivation effect. Overcut sidewalls (roughly 87°) were observed when Cl2 concentrations were 

20% and 40%, indicating sidewall passivation proceeded too fast. In addition, the passivation 

layer on two closely positioned waveguides appeared thinner, which was due to sputter effect of 

gas molecules bounced off two facing sidewalls. The effect of varying the ICP power was 

examined at two different chlorine concentrations. The etch rate variation was more noticeable at 

20% Cl2 than at 80% Cl2. At 80% Cl2, the etch rate decreased monotonically, which could be 

attributed to sputter desorption of reactive Cl(I) from the surface prior to reaction. At 20% Cl2, 

the increase in etch rate after 600 W could probably be ascribed to increased sputter desorption 

effect. Figure 4.8 also shows etch rates are relatively invariant at 600 W ICP power and indicates 

precise etch depths can be achieved under these conditions. Moreover, we recorded much lower 
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DC bias voltages, which is good for lowering etch-induced damage to the devices. Etch 

selectivity of photoresist generally remained above 20:1. 

 

Figure 4.8 Etch rate and DC bias voltage as a function of ICP power at (a) 20% and (b) 

80% Cl2 of total 25 sccm (Cl2+N2) flow, 5 mTorr, 50 W rf and 20°C. Figures are from [109]. 

4.5 Summary of etch recipes 
Highly anisotropic etching has been achieved using both slow and fast etch recipes. Slow etch 

recipe gives etch rates between 0.25 nm/s and 3.8 nm/s while fast etch recipe gives etch rates 

between 2.0 nm/s and 21 nm/s. These recipes give two orders of magnitude difference in etch 

rates and facilitate the fabrication of waveguides with different dimensions, located on different 

vertically separated guiding layers. The slow etch recipe can be used for the fabrication of 

shallow waveguides where the etch depth needs to be accurately controlled. The fast etch recipe 

can be used to etch deeper waveguides in the range of a couple of hundred nanometers to a few 

microns. This broad range is ideal for fabricating MGVI chips in the AlxGa1-xAs material system. 

In order to increase the flexibility of using reactive ion etching processes for the production of 

vertically integrated waveguides, we also include information on an etch recipe which has an 

intermediate etch rate. Final results are shown in Table 4.2. The fast etch recipe has also been 

used to fabricate suspended, 2D high-contrast AlxGa1-xAs waveguides for nonlinear applications 

in a different wafer structure [110], which has been discussed in Section 3.5. It has also been 

used to fabricate spot-size converters in the same wafer but with the first three epitaxial layers 

firstly removed [141]. In both cases, similar etch rates were reported, demonstrating the stability 

and reproducibility of these recipes. 
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Table 4.2 Fast, slow and intermediate etch recipes. Table is from [109]. 

 Pressure rf power ICP power Gas flow (sccm) Temperature Etch rate 

Slow recipe 5 mTorr 100 W 200 W 10 BCl3 20 °C 0.25 nm/s 

Intermediate recipe 5 mTorr 50 W 600 W 5 Cl2/20 N2 20 °C 2.0 nm/s 

Fast recipe 5 mTorr 50 W 600 W 20 Cl2/5 N2 20 °C 21 nm/s 

4.6 Propagation loss measurement of nanowaveguides 
In order to verify the applicability of the recipes developed above, we fabricated high 

confinement waveguides with varying lengths. The high confinement waveguide has a width of 

800 nm and a height of 3.175 µm, the waveguide schematic and TE mode profile of which are 

shown in Figure 4.1(a). Detailed fabrication procedures are as follows. Samples were spin-coated 

with HSQ and baked at 250 °C for 3 mins. The samples were then exposed using Vistec EBPG 

5000+ EBL System and developed in 25% TMAH at 80 °C for 45 seconds. The samples were 

hard-baked at 250 °C for 60 mins before finally being etched using the fast etch recipe shown in 

Table 4.2. A cross-sectional view of the fabricated nanowaveguides can be seen in Figure 4.9(a). 

The sidewall and surface roughnesses are shown in Figure 4.9(b). We used a Ti:sapphire laser 

operating at a wavelength of 850 nm as the light source. A polarizing beam splitter was used to 

select the polarization of the input light in order to excite the TE modes of the waveguides. We 

used two Newport M-40x objective lenses for coupling light in and out of the waveguides. The 

optical power was kept constant at 1 mW before the input lens. The output power from 

waveguide was measured using Newport 883-SL optical detectors and plotted versus the 

waveguide lengths. The coupling efficiency between nanowaveguides and objective lenses was 

about 10% due to mode mismatch. An average propagation loss of 6.7 dB/cm was measured, 

which represented a worst-case scenario result. At such a narrow waveguide width, the mode 

field intensity at the waveguide/air interface was quite large. We want to point out that, smooth 

HSQ patterns were developed during the lithography. Sidewall roughness was due to the erosion 

of the resist during the etching process. Propagation loss largely resulted from narrow waveguide 

dimensions and sidewall roughness. Compared to some propagation loss characteristics found in 

the literature [94], results in this paper are quite competitive. Though some researchers used 

resist-reflow methods to improve sidewall roughness [142], whether it’s applicable to MGVI 
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AlxGa1-xAs chips remains to be seen. While the resist-reflow methods are generally good for 

fabricating straight waveguides, it may not be applicable in MGVI AlxGa1-xAs chips where dense 

features exist and multiple etching steps are needed. 

 

Figure 4.9  (a) Scanning electron micrograph of the high confinement waveguides with a 

width of 800 nm and a height of 3.175 µm. HSQ still remained on the sample. (b) Zoomed-

in view of the bottom of the waveguides showing the sidewall and surface roughnesses. (c) 

Propagation loss of nanowaveguides. Figures are from [109]. 

4.7 Conclusion 
We successfully developed two etch recipes that meet the stringent requirements of fabricating 

MGVI AlxGa1-xAs chips. The slow etch recipe used BCl3 and achieved an etch rate of 0.25 nm/s 

while the fast etch recipe used Cl2/N2 gases and achieved an etch rate of more than 20 nm/s. We 

fabricated simple high aspect ratio AlxGa1-xAs nanowaveguides of 800 nm width using the fast 

etch recipe and measured a propagation loss of 6.7 dB/cm for the fundamental TE mode of the 

waveguide at the wavelength of 850 nm. Results are published in [141, 109]. We proved that 

highly precise and anisotropic etching can be achieved. As fabrication of state-of-the-art 

optoelectronic devices essentially relies on ICP-RIE techniques, our work is an important step 

forward in demonstrating the feasibility of making MGVI chips in the AlxGa1-xAs material 

system. 
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Chapter 5  
Two-guide-layer AlGaAs chip 

 Two-guide-layer AlGaAs chip 
This chapter reviews the techniques of designing spot-size converters and introduces the design 

and fabrication process of our spot-size converter on the two-guide-layer AlxGa1-xAs chip. 

5.1 Introduction 
For a long time, integrated optics was mostly devoted to new materials and concepts. It has now 

clearly entered into an era where it is mainly driven by applications. Optical fiber 

communications remains a strong driving force, resulting in photonic integrated circuits that are 

becoming increasingly complex. Up to now, optical circuits were achieved through existing 

passive and active guided wave components, assembled by using standard, or polarization 

maintaining fiber pigtails. In the longer term, monolithic integration is expected to drive down 

the costs and improve system robustness. 

At the interface of optical waveguide structures and fibers, the issue of fiber-to-waveguide 

coupling is one of the key challenges to be solved. Planar optical waveguides in low refractive 

index contrast material systems whose dimensions are matched to those of optical fibers may 

show negligible coupling losses for end-fire coupling. However, the designs associated with low 

refractive index contrast come at a price. Low refractive index contrast waveguides lead to bend 

radii of curvature in the range of millimeters. This severely hinders the development of device 

miniaturization for a lot of applications, such as arrayed waveguide grating and ring resonators. 

Increasing the refractive index contrast allows for the design of high confinement waveguides 

with much smaller dimensions, which reduces the bend radii but at the expense of a reduced end-

fire fiber-to-waveguide coupling efficiency. In order to simultaneously have efficient fiber-to-

waveguide coupling and small bend radii, spot-size converters come into play. By properly 

designing spot-size or mode converters, we can integrate waveguides with large cross-sectional 

dimensions for efficient fiber-to-waveguide coupling with high-confinement waveguides for 

small bend radii. In particular, the conversion efficiencies of the spot-size converters should be 

high and lengths should be short, so that device miniaturization is not compromised by the 

integration of spot-size converters. 
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Spot-size converters have been implemented in a range of material systems. All are based on 

volume reduction in the waveguides along the propagation axis in order to reduce, or increase the 

confinement of the mode to match the geometries of waveguides and optical fibers. Current 

developments in silicon photonics make silicon an attractive candidate as a motherboard for 

photonic integrated circuits. The good thermal and mechanical properties also make it a good 

candidate for hybrid integration. Spot-size converters in silicon come in different structures. The 

Lipson group demonstrated a spot-size converter on SOI by tapering the silicon layer over a 

length of about 40 microns [143]. The width and height of the silicon waveguide were 470 nm 

and 270 nm, respectively. The width of the waveguide was tapered down to 100 nm. A lensed 

fiber with a beam waist of 5 microns at the wavelength of 1550 nm was used to couple light to 

the taper. A coupling efficiency of -3.3 dB was demonstrated and the 3-dB alignment tolerance 

was about 2 microns in the vertical and horizontal directions. This is one of the most compact 

spot-size converters achieved on SOI platform to date. However, there are some drawbacks 

about the design. Firstly, the light was not guided in the lower layer since no waveguides were 

formed in it. Light was coupled into the high-confinement waveguide at the cleaving facet. 

Secondly, it brings in a stringent cleaving requirement for the device. Moving away from the 

cleaving facet would greatly reduce the coupling efficiency. These drawbacks make the design 

less attractive for more sophisticated integration. In addition, silicon does not provide gain, 

which makes the integration of active devices problematic. 

A different type of spot-size converters demonstrated on SOI platform is by creating a large 

waveguide on top of a standard SOI high-confinement waveguide. These designs unanimously 

deposited extra layers on SOI wafer to create large waveguides and used tapers to convert light 

from the top large waveguides to silicon waveguides. Maegami deposited silicon oxynitride on 

top of a 470 nm wide and 220 nm deep silicon waveguide. [144] The silicon waveguide 

width/height was firstly laterally/vertically tapered from 470/220 nm down to less than 150 nm. 

A 1.2-micron silicon oxynitride layer was then deposited. The width and depth of the large 

silicon oxynitride waveguide were both 1.2 microns. The large silicon oxynitride waveguide was 

not tapered. Light was coupled from a lensed fiber into the large waveguide and gradually 

converted to the high-confinement silicon waveguide over a length of about 1 cm. The author 

measured a coupling efficiency of 1.5 dB/facet at the wavelength of 1510 nm. In this design, the 

main disadvantage was, the conversion of light was achieved over an excessively long length. In 
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a similar way, Sisto deposited a 10-micron thick silicon oxynitride on top of the 500 nm by 220 

nm silicon waveguide [145]. Multiple silicon nitride rods were created in the SiON layer and 

arranged in a circular way to form a waveguide that had a mode shape that closely resembled 

that of a single mode fiber. The width of the SiN rod that was closest to the silicon waveguide 

was tapered from 500 nm to 2.1 microns, then met the silicon waveguide whose width was 

tapered from 150 nm up to 500 nm. Such schemes for integration requires extremely complicated 

fabrication processes. Similarly, the integration of active devices is problematic. 

There is a lot of research in developing spot-size converters in III-V semiconductors. There are 

many advantages associated with III-V semiconductors. The remaining of this chapters gives the 

design and fabrication process of our spot-size converter on the two-guide-layer AlxGa1-xAs chip. 

5.2 III-V semiconductor spot-size converters 
Currently, PICs are based on many different integration schemes, including etch-and-regrowth 

[5, 6], quantum-well intermixing (QWI) [7, 8], selective-area growth [9] and hybrid material 

integration [10]. These methods have several drawbacks that either limit the integration 

complexity, or incur high fabrication costs, as discussed in Section 1.2. One alternative is 

regrowth-free vertical integration, in which functional waveguides composed of different yet 

compatible III-V semiconductor materials are vertically stacked in one epitaxial growth run and 

coupled to each other by means of lateral tapers defined in a process of fabrication. This 

integration scheme, is known by a number of different names: Single-Mode Vertical Integration 

[28], Asymmetric Twin-Waveguide (ATG) Technology [29], Multi-Guide Vertical-Integration 

(MGVI) [30], or Taper-Assisted Vertical Integration (TAVI) [35], has been proven a versatile 

PIC platform in indium phosphide (InP). Two-guide [31, 32], three-guide [33], and even four-

guide [34] vertical integration PICs have been successfully developed and commercialized in 

InP. The major advantage of the vertical integration approach – an ability for independent 

optimization of the functional waveguides without additional growth steps or any other alteration 

of as-grown material – is not limited to InP and can be also extended to GaAs based PICs [45]. 

To do this, however, a fundamental problem of the TAVI of the different functional waveguides 

formed in the common AlGaAs - GaAs vertical stack should be solved first.  
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5.2.1 Wafer structure and waveguide modes 

In this chapter, we report on the first, to our knowledge, TAVI of two AlGaAs – GaAs based 

waveguides operating in the 850 nm spectral range. The structure demonstrated is a two layer 

spot size converter, which allows for low loss and displacement tolerant coupling from an optical 

fiber to a semiconductor waveguide. Vertically integrated SSCs in InP PICs [42, 146] are known 

to be a robust solution to high-efficiency fiber to PIC coupling, commonly used in the vertically 

integrated PICs in InP [147], and so could be its AlGaAs – GaAs counterpart. 

To demonstrate the TAVI SSC in AlGaAs – GaAs, we designed and fabricated a dual waveguide 

layer chip, the wafer structure of which was first introduced in Section 2.3.1. The design consists 

of a lower waveguide layer for an efficient and displacement-tolerant coupling to a single mode 

fiber (SMF), and an upper waveguide layer for on-chip routing, interconnecting, and other 

passive functions. The former is a relatively weakly vertically confined waveguide with the 

mode size suitable for a PIC to fiber coupling. The latter is a strongly vertically confined 

waveguide intended for a passive guiding in a limited footprint area of the PIC. Because of 

significant – and intentional – mode mismatch between the two waveguides, the lateral tapering 

system is devices to adiabatically connect them, by facilitating controllable low-loss transmission 

from one to another. We measured a SSC conversion efficiency of (91±0.2)% (or −0.4 dB) 

between the upper and lower waveguide layers for the TE mode at the wavelength of 850 nm. 

 

Figure 5.1 a) Wafer structure and schematics of Device WG and Coupling WG. b) TE00 

mode profile for an 800 nm wide and 3.175 µm deep Device WG. c) TE00 mode profile for a 

4 µm wide and 2.8 µm deep Coupling WG. Figures are from [153]. 

The wafer used in the experiment consists of five layers of AlGaAs with different aluminum 

concentrations. They are a 5 nm of GaAs, 120 nm of Al0.2Ga0.8As, 250 nm of Al0.34Ga0.66As, 4 
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µm of Al0.5Ga0.5As and 3.5 µm of Al0.63Ga0.37As from top to bottom, and are grown on an n-type 

(100) GaAs substrate. The first three layers on the top are suitable for implementing high 

refractive index contrast waveguides (termed Device WGs) for on-chip signal processing. The 

two bottom layers were designed as a large-dimension waveguide (or Coupling WGs) for 

efficient end-fire coupling to single mode fibers. A schematic of the wafer structure is shown in 

Figure 5.1(a). Modal fields were simulated using Lumerical® MODE Solutions. The Device WG 

has a width of 800 nm and a height of 3.175 µm whereas the Coupling WG has a width of 4 µm 

and a height of 2.8 µm. The electric field intensities of the TE00 modes of the Device WG and 

Coupling WG are shown in Figure 5.1(b) and (c), respectively. 

5.2.2 Optimization of device parameters 

Monolithically integrated SSCs on GaAs substrate can be sorted into two main categories [148]. 

In the first category, SSCs include vertical and lateral tapers to adiabatically transfer optical 

power between waveguides. This approach requires epitaxial regrowth and a more complicated 

fabrication process. In the second category, SSCs transfer optical power by means of lateral 

tapers and do not require epitaxial regrowth. We adopted a two-step lateral tapering scheme. The 

Device WG includes the 5 nm GaAs cap layer, the 120 nm Al0.2Ga0.8As upper cladding and the 

250 nm Al0.34Ga0.66As core layer. The Coupling WG includes the 4 µm Al0.5Ga0.5As as its core 

layer and the 3.5 µm Al0.63Ga0.37As as its lower cladding layer. The dimensions of the Coupling 

WG were optimized for highest modal overlap with the fundamental mode of a lensed SMF (OZ 

optics, TSMJ-3U-840-5/125-0.25-23-2.9-13-1-AR) at the wavelength of 850 nm. 

 

Figure 5.2 Perspective view of the proposed SSC. The Device WG is green, the Transition 

WG is red, and the Coupling WG is yellow. Figure is from [153]. 
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Since the dimensions of the Device WG and Coupling WG have been set in the epitaxial wafer 

structure, the design focus is the tapers. The design parameters of the tapers are noted in Figure 

5.2. The width of the Device WG is tapered down from 800 nm to 200 nm, a critical dimension 

that can be easily achieved using electron beam lithography (EBL), over a length of L2. The 

width of the transition waveguide (Transition WG), which is shown in grey in Figure 5.2, is 

tapered down from W1 to 200 nm over a length of L1. A third taper section that connects the 

Device WG and the Transition WG is added, which mainly ensures smooth conversion and 

eliminates beating effects but does not influence overall conversion efficiency much. As such, its 

length, L3, is set to a constant value, 100 µm. 

 

Figure 5.3 Iterative optimization process of the device parameters. 

The initial values of L1, L2 and W1 are 600 µm, 280 µm and 2.4 µm, respectively. These 

parameters were optimized iteratively, as shown in Figure 5.3. Firstly, we optimized L2 and W1 
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by monitoring the conversion efficiency of Device WG TE00 mode to Coupling WG TE00 mode 

with RSoft CAD® BPM. The results are shown in Figure 5.4(a). As can be seen, the optimum 

value for the Transition WG width W1 is about 2.4 µm and that for L2 is 280 µm. Secondly, we 

optimized L2 and L1. As shown in the Figure 5.4(b), the conversion efficiency is more sensitive 

to L2 than L1. The optimum values of L2 and L1 are about 600 µm and 280 µm, respectively. 

Thirdly, we confirmed that the set of values of L2=600 µm and W1=2.4 µm were optimized, as 

shown in Figure 5.4(c). Lastly, final taper simulation results are shown in Figure 5.5. A total 

length of about 1000 µm was necessary and a theoretical conversion efficiency of 97% (or –0.1 

dB) was obtained. 

 

Figure 5.4 a) Conversion efficiency of SSCs dependence on L2 and W1, b) L2 and L1, c) L1 

and W1. Figures are from [153]. 
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Figure 5.5 Finalized SSC dimensions and its simulation. Figure is from [153]. 

5.2.3 Fabrication tolerance study 

We studied the fabrication tolerance of the critical design parameters of the SSC, especially the 

two shallow etch depths and two taper tip widths. It is found that etch depth 2 (which is required 

to create the Transition WG shown in red in Figure 5.2) is more tolerant compared to etch depth 

1 (shown in green in Figure 5.2). While etch depth 2 can vary by 40 nm (16% of targeted 250 

nm) with only a 5% reduction in conversion efficiency, the same amount of variation in etch 

depth 1 (20 nm, 16% of targeted 125 nm) would induce a 10% reduction in conversion 

efficiency. Overall, the conversion efficiency is higher than 88%, as shown in Figure 5.6(a). In 

fact, the target depths of 125 nm and 250 nm are easy to achieve with the 0.25 nm/s etch rate as 

discussed in Chapter 4. 

Overall, the fabrication tolerance of taper tip widths is very high. As shown in Figure 5.6(b), a 

100% variation (of 200 nm target width) in taper width 1 (shown in green in Figure 5.2), the 

conversion efficiency reduces by only 9%, while the same amount of variation in taper tip width 

2 (shown in red in Figure 5.2) barely affects the conversion efficiency. In conclusion, etch depth 

1 and taper tip width 1 are the most critical dimensions in achieving a high experimental 

conversion efficiency. 
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Figure 5.6 Fabrication tolerance of a) two shallow etch depths and b) two taper tip widths. 

Positive (negative) values on x and y axis means larger (smaller) than target depths or 

widths were achieved. Figures are from [153]. 

5.2.4 Device fabrication 

Device fabrication involved electron beam lithography (EBL) followed by inductively-coupled 

plasma, reactive ion etching (ICP-RIE). In order to achieve precise and highly anisotropic 

etching, which was critical in fabricating the SSC, the two recipes developed in Chapter 4 were 

used [109]. The first recipe gives an etch rate of 0.25 nm/s while the second one gives an etch 

rate of 20 nm/s. Firstly, we masked the sample with HSQ using EBL, used the slow etch recipe 

to etch through the 5 nm GaAs and 120 nm Al0.2Ga0.8As, and achieved an accurate etch depth of 

125 nm. We then removed the HSQ using buffered oxide etcher (BOE). Next, a second masking 

layer of HSQ was deposited and patterned using EBL. This layer was used to etch through the 

250 nm Al0.34Ga0.66As layer using the slow-etch recipe. After etching, the HSQ mask was again 

removed using BOE. Lastly, we masked the sample with HSQ and patterned the coupling 

waveguide structures using EBL. The fast etch recipe was used to etch 2.8 µm into the 4 µm 

Al0.5Ga0.5As layer.  
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Figure 5.7 Main fabrication steps of the proposed SSC. Note, the 5 nm GaAs cap layer has 

been omitted to make the figures more concise. 

The main fabrication steps are shown in Figure 5.7. Since the fabrication process requires 

multiple etching steps, alignment markers should be prepared. First, double-layer photoresist 

(PMMA on MMA) was deposited and patterned using EBL. Second, tungsten was sputtered on 

to the sample using a sputter system (AJA International ATC Orion 5 Sputter Deposition 

System). Finally, a lift-off process left the clean sample with tungsten squares with a 20×20 µm2 

area. The alignment markers were covered by the HSQ mask and protected in each etching step. 

The preparation of alignment markers is not reflected in Figure 5.7. As a result, there supposed 

to be square alignment markers close to the edges of the sample in Figure 5.7. However, in order 

to make the figures more concise, the alignment markers are not shown. 

We used a Ti:sapphire laser as a light source at the wavelength of 850 nm to excite fundamental 

TE modes of the waveguides. The input and output objective lenses were Newport M-60x (0.85 

NA and 2.9 mm focal length) and Newport M-40x (0.65 NA and 4.5 mm focal length), 

respectively, for the measurement of the waveguide output mode profiles, Device WG 

propagation loss and the conversion efficiency of the SSC. Some SEM images of fabricated 
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SSCs along with measured waveguide output mode profiles are shown in Figure 5.8. The 

propagation loss of Device WG was measured using samples with straight Device WGs of 

various lengths. The output power from the Device WG was measured as a function of 

waveguide length. An average propagation loss of 6.7 dB/cm was measured. 

 

Figure 5.8 SEM images of (a) the starting section and (d) ending section of a spot-size 

converter. Measured output mode profiles of (b) Coupling WG and (c) Device WG. Figures 

are from [153]. 

5.2.5 Conversion efficiency measurement 

 

Figure 5.9 Schematics showing four groups of devices which integrated (a) zero, (b) one, (c) 

two, and (d) three SSCs. 

In order to measure the conversion efficiency of SSCs, four groups of SSC devices were 

fabricated, as shown in Figure 5.9. The first group consisted of straight Device WGs which ran 

all the way from input facet to output facet, and served as a reference group. In other words, zero 
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SSC were integrated in this group. The second group included one SSC that coupled light from 

Device WG to Coupling WG. The third group included two SSCs which coupled light from 

Device WG to Coupling WG, then back to Device WG. The fourth group included three SSCs 

which coupled light from Device WG to Coupling WG, then to Device WG, and finally to 

Coupling WG. Lengths of all these devices were the same and about 5 mm. We kept the input 

optical power before the input lens constant at 1 mW for all the devices and measured the output 

power. The output power of all four groups was normalized to the first group, as shown in Figure 

5.10. Each data point represents the average output power of one group of devices. 

 

Figure 5.10 Normalized output power of the four groups of devices with different number 

of integrated SSCs. Figure is from [153]. 

Using the experimental data in Figure 5.10, we measured an average conversion efficiency of 

(91±0.2)% for the spot size converters that we designed and fabricated. The propagation loss of 

the Coupling WG was fitted using the experimental data and was found to be negligible over the 

device lengths used. In order to measure the coupling efficiency between the Coupling WG and a 

SMF, we used two lensed SMFs with a focused beam waist of 2.5 µm (OZ optics, TSMJ-3U-

840-5/125-0.25-23-2.9-13-1-AR). A group of straight Coupling WGs, which ran all the way 

from the input facet to the output facet, were used. The input power from the SMF to the 

Coupling WGs was 1 mW. After the light propagated in the Coupling WG for about 5 mm, the 

output power collected using the second SMF was 304 µW. Assuming the propagation loss of 

the Coupling WG was negligible over the device lengths used, as we had previously 

demonstrated, and that light was only lost at the input and output facets, the above results 

translated into a coupling efficiency of 55% per facet between the Coupling WG and a SMF. The 
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effective index of the fundamental TE/TM modes of the Coupling WG was 3.251, giving rise to 

a Fresnel reflection coefficient of 28% between air and the Coupling WG. After correcting for 

the Fresnel reflection, a 77% power overlap coefficient was obtained. The result agreed well with 

the theoretical power overlap coefficient between the fundamental TE/TM modes of the 

Coupling WG and those of the SMF by Lumerical® MODE Solutions, which was calculated to 

be about 80%. The same approach was used to measure the power overlap coefficient between 

the Device WG and the SMF, which was 15% after correcting the Fresnel reflection. The 

integration of SSCs increased the coupling efficiency by fivefold. We theoretically studied the 

displacement tolerance for two cases: with and without SSCs. The 1-dB horizontal and vertical 

displacement tolerances for the Coupling WG were both 1.4 µm. The 1-dB horizontal and 

vertical displacement tolerances for the Device WG were both 0.9 µm. 

5.2.6 Comparison to literature results 

A comparison of our results to the literature is listed in Table 5.1. As for SSCs in silicon as 

demonstrated in [143] and [144], they are not compatible with the idea of MGVI even though 

they are quite compact. For [149], vertical couplers were integrated. As discussed in Section 

5.2.2, this approach requires epitaxial regrowth and a more complicated fabrication process, 

which makes it incompatible with MGVI. Even so, our experimental results show some 

improvement. Our experimental results are better than those in [150], which also utilized two-

step lateral tapering scheme. Compared to [151] and [152], which utilized one-step lateral 

tapering scheme, our results are better as expected. Overall, our results are competitive compared 

to results based on a similar integration scheme found in the literature. 
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Table 5.1 Comparison of our experimental results to the literature. 

Material 

system 

Taper loss Input loss Total loss SSC length λ Comments 

dB/cm μm nm 

Silicon 6.0 - 9.2 40 1550 A bottom waveguide is not formed [143] 

Silicon 0.2 1.2 1.5 400 1550 Deposited 1.2×1.2 μm2 SiON [144] 

InP 0.6 1.1 1.7 400 1550 Vertical tapers were integrated [149] 

InP 0.7 - - 1100 1550 Two-step lateral tapering [150] 

GaAs 1.4 0.9 2.3 1000 1310 One-step lateral tapering [151] 

GaAs 1.8 0.8 2.6 800 1310 One-step lateral tapering [152] 

GaAs 0.4 1.1 1.5 1000 850 This work, two-step lateral tapering [153] 

5.3 Conclusion 
In conclusion, we have designed and fabricated a vertically integrated SSC in AlxGa1-xAs/GaAs, 

which allows for an efficient and displacement-tolerant coupling of the SMF to the Device 

Waveguide, via Coupling Waveguide. The measured insertion loss on a transmission from the 

Coupling to the Device Waveguide is only 0.4 dB, (91±0.2)% transmission, suggesting high 

efficiency of the adiabatic tapering system that connects two waveguides. SMF to the Device 

Waveguide insertion loss measured at -3 dB (-1.5 dB after correction for 28% Fresnel reflection 

at uncoated facet), still leaving a room for improvement, e.g. by optimization of the Coupling 

Waveguide layer structure and layout. Results are published in [153]. Demonstration of the 

vertically integrated SSC well-performing at 850 nm marks a major step towards building the 

TAVI platform in GaAs as a versatile and cost-efficient PIC technology for applications in data 

center interconnects, non-invasive biosensing, and quantum optics. 
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Chapter 6  
Arrayed waveguide gratings 

 Arrayed waveguide gratings 
One of the key applications of the vertical integration approach in AlxGa1-xAs is the realization of 

a compact wavelength division multiplexing (WDM) device which can combine multiple 

wavelength channels around 850 nm. This chapter discusses the working principle of arrayed-

waveguide gratings (AWGs), including the multiplexing properties and performance 

characteristics such as free spectral range, crosstalk, insertion loss and uniformity. The design 

procedures are presented step by step in detail. A range of fabrication challenges are discussed. 

The proof-of-concept demonstration of AWGs as on-chip signal processing devices proves the 

applicability of multi-guide vertical-integration (MGVI) scheme in the AlxGa1-xAs 

semiconductors. 

6.1 Introduction 
Arrayed waveguide gratings (AWGs) were first reported by M. Smit in 1988 as novel focusing 

and dispersive devices which can be used as (de)multiplexers and wavelength filters [154, 155]. 

Since then, AWG devices have been widely used in systems that involve wavelength division 

multiplexing (WDM) in telecom applications. Various materials such as silica [156, 157], silicon 

[158], silicon nitride [159, 160], germanium [161], polymers [162, 163], III-V semiconductors 

(InP, GaAs and InGaAsP) [164-166] have been used. Besides their applications as wavelength 

multiplexers or demultiplexers, the use of AWG devices for optical sensing [167], quantum 

information technologies [168] and as micro-spectrometers [158] have also been reported in the 

literature. 

Most of the current AWG devices operate in the near-infrared wavelength region because the 

low-loss windows at 1310 nm or at 1550 nm are used for fiber optics communication. However, 

near-infrared light is not recommended for biosensing in an aqueous environment because of the 

strong absorption of light by water, which may cause detrimental heat, or unwanted optical 

signal absorption [169]. The absorption will easily heat and even kill the biological cells. With 

the recent advances in big-data related business and cloud-computing services, intra-data-center 

traffic is growing at a rate of 22% a year [1]. The current intra-datacenter network is facing the 
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problem of the power consumption increase driven by the ever-increasing traffic. As current data 

center communications use 850 nm vertical cavity surface emitting lasers (VCSELs), monolithic 

integration would enable efficient wavelength division multiplexing (WDM) devices for data 

communications. The work in this Chapter was aimed at designing an AWG working in the 

range of the near infrared (NIR) region around 850 nm. 

To fully harness the power of photonic integrated circuits (PICs), the ability of monolithically 

integrating passive and active devices on a single chip is highly desired. As discussed in Section 

1.4, AlxGa1-xAs materials can meet the challenges. Monolithic integration in AlxGa1-xAs/GaAs 

would enable efficient wavelength division multiplexing (WDM) devices. There is a potential to 

use AlxGa1-xAs/GaAs as a platform for PICs in the cost sensitive application. AlxGa1-xAs has also 

been identified as the promising semiconductor system for quantum optics. 

6.2 AWG configuration and working principle 
In this chapter, the AWGs consist of a single input waveguide, two symmetrical Rowland type 

star couplers [170], phased array waveguides, and between four and eight output waveguides. 

With reference to the AWG schematic in Figure 6.1(a) and the expanded view of a star coupler 

on the receiver side in Figure 6.1(b), the general operation is as follows [170].  

 

Figure 6.1 (a) Layout of the AWG demultiplexer. (b) Geometry on the receiver side. 

Figures are from [170]. 

The mode traveling in the input waveguide is incident on the object side of the first star coupler. 

Once inside the star coupler, the mode is no longer laterally confined by the waveguide and 
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expands, or diffracts over the length of the star coupler. The surface shape of the image side of 

the first star coupler is circular and concave with the same radius as the expanding wavefront so 

that all of the light entering the phased array has the same phase. The phased array consists of 

multiple waveguides which have a constant path length difference ΔL between any two adjacent 

waveguides equal to an integer multiple of the central device wavelength in the material, λ0. In 

other words, the phase of the wavefront incident on the phased array waveguides is mapped to 

the object side of the second star coupler. Since the object surface of the second star coupler has 

a convex shape, the diverging wavefront on the image side of the first star coupler has been 

mapped to a converging wavefront as the object in the second star coupler. The second star 

coupler is also a free-propagation region which allows the wavefront to continue to converge and 

focus on the image side of the second star coupler where the output waveguides are located. To 

provide a spectral filtering response, an output waveguide is positioned on the star coupler at the 

focal point where the wavelength of interest comes to a focus. For wavelengths other than the 

central wavelength, the constant path length difference ΔL produces a phase delay which causes 

a wavelength dependent wavefront tilt. As a result, wavelengths longer than the central 

wavelength produce a phase tilt which is counterclockwise (i.e., positive q direction or positive s 

direction defined in Figure 6.1) and shorter wavelengths produce a clockwise phase tilt. The 

magnitude of the tilt is proportional to the difference between the channel wavelength and the 

central wavelength λ-λ0. The wavefront tilt causes the focal position to shift in the direction of 

the tilt laterally on the image side of the second star coupler. As the wavelength increases, the 

focal position moves in the positive s direction. The position for each output waveguide 

coincides with the focal positions of the desired wavelengths for transmission. 

6.2.1 Performance characteristics 

Some of the most important AWGs performance characteristics include crosstalk, uniformity of 

transmission and insertion loss. 

Crosstalk is defined as the unwanted signal in a wavelength channel caused by the coupling of 

energy from another channel and is of most concern in the phased array and the second star 

coupler output. The most probable causes of crosstalk in the AWGs are evanescent coupling 

between adjacent output and phased array waveguides, background radiation due to the shallow 

etch waveguide structure, field truncation at the star coupler and fabrication error. Evanescent 
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coupling occurs if two waveguides are placed too close to each other. When this happens the tail 

of the electric field of one waveguide extends in to the second waveguide and coupling between 

the two waveguides can take place. Typically, there are only two places in an AWG geometry 

where this is of concern, the phased array waveguide spacing dp (subscript p for phased array 

waveguide) and the input and/or output waveguides spacing do on the star couplers. Crosstalk 

can be reduced by enlarging the waveguide spacing. However, as the phased array waveguide 

spacing is increased, less of the mode incident on the phased array from the first star coupler will 

couple into the phased array, increasing the insertion loss. Therefore, waveguide separation is a 

trade-off between crosstalk and insertion loss. 

Another source of crosstalk is the slab-mode at the input coupled to the output waveguides. 

Shallow ridge waveguides support slab modes which can propagate through the substrate and 

cause background noise in the output and increase crosstalk. The slab mode originates from light 

on the input. Since the mode emanating from a fiber is much larger than the semiconductor 

waveguide profile, light can also be coupled into the slab mode. If the output waveguides are 

directly across the wafer from the input waveguides and since semiconductor devices are 

generally very short in length, the slab mode can cause a large amount of background noise. A 

common solution to this is to offset the input waveguides to the output waveguides by 90 

degrees. One of the advantages of using AlxGa1-xAs semiconductors is that the GaAs substrate is 

absorbing and the slab mode which scatters in the substrate will be absorbed. 

A finite number of phased array waveguides captures a finite portion of the incident mode in the 

first star coupler. The captured field by the phased array is therefore truncated. The image on the 

output waveguides is the Fourier transform of the object field in the second star coupler. The 

Fourier transform of a truncated field produces side lobes in the output which contributes to 

crosstalk. Crosstalk due to this truncation is minimized in design by reducing the amount of 

truncation by increasing the number of phased array waveguides. 

In practice, the crosstalk in AWGs are not limited by design, but by fabrication errors. For strong 

constructive interference and small crosstalk, the light from all paths through the AWG has to 

arrive with the correct relative phase generated in the phased array. Fabrication inhomogeneities, 

including varying waveguide width or height, imperfect etching of waveguide surfaces in the 
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phased array, and the filling in of the gaps between the waveguides near the star coupler are the 

major sources of phase error in AWGs. 

Uniformity is defined as the difference in the power levels of the central wavelength and outer 

most wavelength. If the wavelength is changed, it will move through the image plane and follow 

the envelope described by the far-field of the individual array waveguides. If we approximate the 

modal field of the array waveguides as a Gaussian beam and neglect the effects of coupling on 

the beam shape, we can derive some simple analytical equations for estimating insertion loss, 

channel nonuniformity and bandwidth. 

6.2.2 Device variable declaration 

Rowland type star couplers will be the couplers in this design [170]. The length of the coupler is 

R, which is also the radius of curvature at the surface adjacent to the phased array. The surface 

adjacent to the input and output waveguides has a radius of curvature of R/2. Separation of the 

phased array waveguides dp adjacent to the star couplers are held constant. The sequencing of the 

phased array waveguides starts from the one with the shortest distances. We are designing a 

demultiplexer, therefore the second coupler has multiple output waveguides. do is the separation 

of output waveguides adjacent to the second star coupler. The modal refractive index in the 

phased array and in the star couplers are np and ns, respectively. x, which is the focal point on the 

image side of the second coupler, is a rotational coordinate and increases in a clockwise fashion. 

The position of the input waveguide on the first star coupler is denoted as x1. Lastly, m is an 

integer that represents the grating order. Note, do and dp are center-to-center distance between 

waveguides. The variables are noted in Figure 6.2 and listed in Table 6.1. 
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Figure 6.2 Geometry on the output star coupler with dimensional parameters. 

Table 6.1 List of device design variables. 

R the radius of curvature at the surface adjacent to the phased array 

R/2 radius of curvature at the surface adjacent to the input and output waveguides  

dp separation of the phased array waveguides adjacent to the star couplers 

do separation of output waveguides adjacent to the second star coupler 

np modal refractive index in the phased array 

ns modal refractive index in the star couplers 

ng group index in the phased array 

x the focal point on the image side of the second coupler 

x1 position of the input waveguide on the first star coupler 

m an integer that represents the grating order 

6.2.3 AWG theoretical model 

The phase equation for an AWG is as follows [170] 
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"U(i)j=Sk

l
+ "k(i)∆m −

"U(i)jSk

l
= :i 

…………………………… (Equation 6.1) 

According to Equation (3.3) in reference [171], 

i$ =
"k(i$)∆m

:
 

…………………………… (Equation 6.2) 

is called the center wavelength. 

The channel spacing is 415.2 GHz, which is 1 nm around 850 nm, as opposed to 0.2 nm that is 

usually defined for DWDM around 1550 nm. In the above equation, np and λ0 are known variables, 

which can be found in Table 6.1, m and ΔL are to be determined. The AWGs in this thesis consist 

of a single input waveguide located in the center of the first star coupler. Therefore, the central 

wavelength focuses at position x equal to zero which is at the center of the output star coupler. At 

other wavelengths,  

j(i) =
n:i − "k(i)∆mol

"U(i)Sk
 

…………………………… (Equation 6.3) 

6.2.3.1 AWG dispersion 

In an AWG, the path length difference ΔL causes the focal length position to shift laterally along 

x, which denotes the image position on the output side of the second star coupler. In designing 

AWGs, the dispersion of the focal position dx with respect to the wavelength dλ is defined as 

Δx/Δλ=dx/dλ, which can be found by differentiating both sides of Equation 6.3. When the 

bandwidth of the device is small, which is usually the case for DWDM system, the 

differentiation will only depend on geometrical parameters. 
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The path length difference ΔL, required to satisfy the interference condition is found by setting 

differentials Δj and Δi equal to the output waveguide spacing do and wavelength channel 

spacing Δi, respectively. The following important equation can be found: 

Δm =
"USkS$i$

",lΔi
 

…………………………… (Equation 6.4) 

The definition of the parameters in the above equation can be found in Table 6.1. For waveguide 

with a strong confinement factor and little refractive index dispersion (ng ≈ ns), the above can be 

rewritten as ΔL = dpdoλ0/RΔλ. However, usually the original form has to be kept as ns and ng are 

different. 

6.2.3.2 Free spatial range 

The free spatial range of the m-th and (m+1)-th order for the central wavelength of the AWG is 

obtained by 

pqUW = jr − jr<= =
i$l

"USk
 

…………………………… (Equation 6.5) 

6.2.3.3 Number of channels 

The number of available wavelength channels is found by dividing the free spatial range by the 

wavelength channel spacing. 

AH3Gs =
pqUW

St
=

i$l

"USkSt
 

…………………………… (Equation 6.6) 

6.2.3.4 Free spectral range 

The free spectral range of the m-th and (m+1)-th order is found by using the AWG dispersion 
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iqUW =
pqUW

Sj Si⁄
=
i$

:v
 

…………………………… (Equation 6.7) 

The definition of free spectral range is consistent with the grating theory when the modified 

grating order is defined as 

:v = ",: "k⁄  

…………………………… (Equation 6.8) 

6.2.4 Step-by-step AWG Design 

6.2.4.1 Waveguide separation 

To start designing an AWG, the first parameter to consider is the waveguide separations on the 

star couplers for the phase array and output waveguides: d, which can be dp or do. They should be 

large enough to suppress evanescent coupling between adjacent waveguides, large enough to 

allow lithography and etching steps to take place, but small enough to avoid excess coupling 

loss. The dimensions of waveguide are given in Figure 4.1 and Figure 5.1. 

Table 6.2 Overlap analysis based on the waveguide structure. 

Gap 0.4 μm 0.6 μm 0.8 μm 

Overlap -9.2 dB -23.4 dB -49 dB 

According to [171], -10 dB overlap has been suggested to be safe. Therefore, the gap can be as 

small as 0.4 µm. Waveguides gap increases quickly moving further away from star coupler, 

again, the gap should be large to allow lithography and etching. Recalculate the overlap when d 

= 1.2 µm (center-to-center distance of adjacent waveguides) using couple mode theory (two 

waveguides co-exist). The supermodes have almost identical effective indices neff, therefore, the 

beating length is long enough to suppress beating between two waveguides. 
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Figure 6.3 Electric field intensity of the symmetric supermode of the two coupled 

waveguides. 

6.2.4.2 Star coupler length 

The length of the star couplers affects the uniformity and crosstalk of the device. Uniformity of 

the device is defined as the power difference between outer channels and the center channels of 

the output waveguides. Using a Gaussian approximation, the far field intensity distribution can 

be expressed as follows [170] 

w(x) = w$exp	(
−2x@

x$
@ ) 

…………………………… (Equation 6.9) 

where x equals the modal diffraction angle and x$ is the angular width of the Gaussian far field 

amplitude and equals 

x$ =
i$

"U|√2~
 

…………………………… (Equation 6.10) 

where w, is the waveguide width, λ0 is the center wavelength which is set to 850 nm, ns 

(subscription s for ‘slab’) is the effective index of the waveguide mode in star couplers. Because 

the modes are no longer laterally confined due to the large dimension of the star couplers, we can 
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calculate the effective index using a 1D model where only vertical confinement is considered. w 

should be the effective waveguide width, 445 nm, which can be obtained by inspecting the 

simulated mode [170]. 

 

Figure 6.4 (a) Material refractive index of the wafer in the vertical (wafer growth) direction 

and (b) the slab mode profile in the star couplers. 

According to the calculation, ns = 3.2927. The modal effective index of the phased array, np = 

3.2502. We can calculate 

x$ =
i

"U|√2~
=

850	":

3.2927 × 445	": × √2~	
= 0.2317	(ÇÉSÑÉ"Ö) 

…………………………… (Equation 6.11) 

The uniformity Lu or power difference between the center channel and the outside channel is 

found by 

mÜ = −10 × áàâ	 exp(
−2xrGä

@

x$
@ ) 

…………………………… (Equation 6.12) 

where xrGä equals the subtended angle of the outside phased array waveguide. To find θmax, we 

need to set an acceptable uniformity, according to [170] [171], the Lu = -1.5 dB is reasonable. In 

this thesis, we pick a stricter value for Lu = -0.5 dB, as a result, θmax = 0.0555 radians = 3.1825 
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degrees. Note, θ0 and θmax are half angles. Therefore, the minimal star coupler length is found 

using the following equation 

l =
AH3GsSk

xrGä
=
2 × (800	":+ 400	":)

xrGä
= 43.204	6: 

…………………………… (Equation 6.13) 

In the above equation, Nchan is the number of channels in the AWG. Since we are talking about 

half angles θ0 and θmax, Nchan = 2 corresponds to 5 total output waveguides. This R value should 

be compared to the one found in Section 6.2.3.3, where the equation is used  

AH3Gs =
pqUW

St
=

i$l

"USkSt
 

…………………………… (Equation 6.14) 

Here, R should be large than 34 µm so that pqUW is large enough to accommodate 6 channels 

(increased from 5 because we are considering Xfsr here). According to Section 6.2.3.4, the free 

spectral range should be larger than 5 nm. Let’s put iqUW =
ãåçé

èä èê⁄
=

êë

rí = 6	":, therefore, (the 

modified) grating order should be smaller than 141. 

6.2.4.3 Number of phased array waveguides 

This parameter has been entirely omitted in reference [171]. The number of phased array 

waveguides affects the amount of field truncation at the first star coupler/phased array interface. 

More waveguides would increase sampling points of the first star coupler’s field, suppress the 

side lobes and lower the crosstalk while increasing the transmission. More phased array 

waveguides require a longer star coupler to maintain good uniformity of the output and wider 

star coupler to allow room for the waveguides. However, longer star couplers increase the 

propagation loss. The output waveguide spacing do is the separation of output waveguides at the 

second star coupler do = 1.2 µm. Therefore, do/w = 2.7 according to [170], recalling that, w is the 

effective waveguide width w = 445 nm. According to equation (8) in [170], x$ is now different 

by a factor of √2~.  
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x$ =
i

"U|√2~
= 0.2317	(ÇÉSÑÉ") 

…………………………… (Equation 6.15) 

Assuming a 0.5 dB non-uniformity Lu, gives a value of xrGä = 0.05555. According to III-B in 

[170], smax is equal to 2 times the output waveguide separation do, as we aim to design 5 

wavelength channel waveguides. Therefore,  

l =
AH3GsSt

xrGä
= 43.204	6: 

…………………………… (Equation 6.16) 

It has been suggested that the separation of the phased array waveguides should be small, dp is 

the same as do. Using Equation (6.4) , 

Δm =
"USkS$i$

",lΔi
= 23.537	6: 

…………………………… (Equation 6.17) 

There is an important parameter for calculating the number of arrayed waveguides, called 

aperture half angle. According to reference [170], xG = 2x$ = 0.4634. Therefore, number of 

phased array waveguides 

AG =
2xGl

Sk
+ 1 = 35 

…………………………… (Equation 6.18) 

Therefore, it is clear now that the number of phased array waveguides should be 35. 

6.2.4.4 Path length difference 

According to the equation below, Δm can be calculated.  
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Δm =
"USkS$i$

",lΔi
=
3.2927× 1.2	6: × 1.2	6: × 0.85ì:

3.963 × 43.204	6: × 1	":
= 23.5376: 

…………………………… (Equation 6.19) 

To reduce the value, one can go back to redefine dp and do and R. At this moment, let’s keep Δm 

as it is. 

6.2.4.5 Phased array waveguide layout 

A phase array geometry should consist of waveguides with large enough separation to restrict 

evanescent coupling and have minimum total path length to reduce propagation loss. The most 

common geometry is horseshoe or Ω shaped. 

Table 6.3 AWG design results. 

Number of channels 5 

Channel spacing 1 nm 

Center wavelength λ$ 850 nm 

Number of phased array waveguide 35 

Grating order m 90 

Modified grating order m’ 109 < 141 

Path length difference ΔL 23.537 μm 

Free propagation region length R 43.204 μm 

Waveguide gap 400 nm 

Non-uniformity 0.5 dB 
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6.3 Lumerical® MODE simulations 
The design parameters from Table 6.3 are used to layout the various AWG components, i.e. 

input star coupler and output star coupler, and simulate the propagation of light through the 

complete device. 

6.3.1 Input star coupler 

The top view and perspective view of the input star coupler are shown in Figure 6.5. Light is 

input to the center of the five input waveguides in the fundamental TE mode of the waveguide, 

propagates in the input waveguide, disperses in the star coupler and gets sampled by the 35 

arrayed waveguides. Using varFDTD of the Lumerical MODE, monitors are utilized to measure 

the propagation in the star coupler and power of light in the arrayed waveguides. The electric 

field profile showing the expansion of light in the star coupler is captured in Figure 6.6. The 

expansion results of the input electric field into the fundamental TE mode of the arrayed 

waveguides are shown in Figure 6.7. A total transmission of 0.881 (-0.6 dB) is simulated 

indicating a low insertion loss of the input star coupler. 

   

Figure 6.5 Top view (left) and perspective view (right) of the input star coupler. 
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Figure 6.6 The electric field profile showing the expansion of light in the star coupler. 

 

Figure 6.7 Expansion results of the input electric field into the arrayed waveguides. 

6.3.2 Output star coupler 

The top view and perspective view of the output star coupler are shown in Figure 6.8. The 

expansion results in the previous section are taken to be the power distribution in the arrayed 

waveguides before the star coupler. The design parameter ΔL in Table 6.3 is used to calculate 

phase delayed in the arrayed waveguides. Using varFDTD of the Lumerical MODE, monitors 

are utilized to measure the propagation in the output star coupler. The focusing features of light 
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at a wavelength of 850 nm and 851 nm are shown in Figure 6.9 and Figure 6.10, respectively. 

The filtering results of the output coupler are shown in Figure 6.11. An average channel 

transmission of 0.390 (-4.1 dB) is obtained for the output coupler. The channel crosstalk is below 

-25 dB. The simulation results confirmed the design parameters in Table 6.3. 

   

Figure 6.8 Top view (left) and perspective view (right) of the output star coupler. 

 

Figure 6.9 The electric field profile at the wavelength of 850 nm showing the focusing of 

light in the star coupler in to the center output waveguide. 
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Figure 6.10 The electric field profile at the wavelength of 851 nm showing the focusing of 

light in the star coupler in to the next output waveguide. 

 

Figure 6.11 Wavelength filtering results in the output star coupler. 
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6.4 Preliminary fabrication results 
Device fabrication involved electron beam lithography (EBL) followed by inductively-coupled 

plasma, reactive ion etching (ICP-RIE). In order to achieve precise and highly anisotropic 

etching, which was critical in fabricating the SSC, the two recipes developed in Chapter 4 were 

used [109]. In the region where the input waveguides, output waveguide, or arrayed waveguides 

join the star couplers, patterns are very dense. For instance, in order to etch deep waveguides, 

600-nm thick HSQ is required. In addition, the gap between waveguides can be as small as 400 

nm and these waveguides are densely positioned. In order to tackle the proximity issue during 

resist preparation and pattern development, a high aspect ratio HSQ development process is 

used. The procedures are shown in Table 6.4.  

Table 6.4 High aspect ratio HSQ recipe. 

Step 0 Use pure FOx15 

Step 1 1500 RPM, 584 RPM2 acceleration, 60 seconds, 600 nm thickness. 

Step 2 250 °C hot plate bake, 3 mins 

Step 3 Exposure dose 1000 - 1200 μC/cm2 (aged HSQ dose tend to be lower.) 

Step 4 Beamer fracture resolution 10 nm, current 5 nA, energy 100 kV. 

Step 5 Developer (TMAH 25%) @ 80 °C, for 30 seconds – 1 min. 

Step 6 DI water rinse 1.5 mins. 

Step 7 Dip in IPA for 10 seconds. 

Step 8 Nitrogen blow dry (be careful not to damage fine features.) 

Step 9 Hard bake (post-exposure bake) 250 °C for 60 mins. 

The optical microscope images of the developed HSQ resist are shown in Figure 6.12. The 

layout of the AWG is automated by WDM Phasar software. The AWG pattern was successfully 

developed on the HSQ mask using EBL. Next, the sample was etched using the fast etch recipe 
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in one step to transfer the AWG pattern in to the wafer. Scanning electron microscope (SEM) 

images of the etched AWG structure with HSQ still remaining are shown in Figure 6.13. As can 

been seen from the figures, the HSQ mask looks almost intact in all areas after ICP-RIE plasma 

etching. However, using the fast etch recipe, we encountered undercut profile of the AlxGa1-xAs 

waveguides even though the HSQ mask was almost intact. More SEM images of the arrayed 

waveguides that are further away from the star couplers are shown in Figure 6.14. Undercut 

structures are also seen in the outer most waveguides. 

  

Figure 6.12 Optical microscope images of the HSQ (left) at the arrayed waveguides/star 

coupler section and (right) input or output waveguides/star coupler section. 

  

Figure 6.13 Scanning electron microscope (SEM) images at the arrayed waveguide/star 

coupler section of the etched AWG structure with HSQ still remaining. 
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Figure 6.14 Scanning electron microscope (SEM) images of the arrayed waveguides away 

from star couplers section of the etched AWG structure without HSQ mask. 

The current fabrication challenge is the undercut structures. As described in Chapter 4, the fast 

etch recipe relies on a thin passivation layer to fabricate highly anisotropic waveguides. 

Accordingly, we could attribute the undercut structures during the AWG fabrication process to 

two possible reasons. First, when waveguides are positioned closed to one another, reactive ions 

can bounce back and forth in the two facing sidewalls of the waveguides. The physical sputtering 

effect is increased. When the passivation layer is no longer present, the etching becomes 

isotropic, causing structures as shown in Figure 6.13. Similar isotropic etching effects have been 

measured when two simple straight waveguides are positioned about a few hundred nanometers 

apart. The appearance of the undercut structures indicates that chemical etching is the dominant 

mechanism, as described in Section 4.4. Second, it seems that outer most waveguides have a 

more undercut structure than the waveguides that are surrounded on both side, as can be seen in 

Figure 6.14. The reason for this is unclear at the moment. This could possibly be attributed to 

that the macro distribution of reactive ions could change when big and irregular microstructures 

like AWGs are present. It attacks the passivation layer and results in isotropic etching. A similar 

trend was observed by looking at more SEM images: same sides of the waveguides in a part of 

the AWG device tend to get undercut structure more frequently.  

To address the above fabrication challenge, we could design AWGs differently so as to allow a 

bigger gap between waveguides. This would increase the size of the device and would probably 

make the fabrication more feasible. Another solution would be to develop new dry etch recipes 

that do not rely on passivation layers for anisotropic at all. 
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6.5 Conclusion 
We presented the step-by-step design procedures of an AWG in the two-guide-layer wafer in 

detail. Theoretical design calculation was confirmed by the Lumerical® MODE simulations. We 

attempted using the fast etch recipe from Chapter 4 to fabricate AWGs in a single etch step, 

without integrating SSCs from Chapter 5. The current fabrication challenge is the undercut 

structures. The proof-of-concept design of AWGs in this Chapter demonstrates it is feasible to 

devise complicated signal processing devices on the top waveguide in the two-guide-layer wafer. 

With the results in previous chapters, it proves the applicability of multi-guide vertical-

integration (MGVI) scheme in the AlxGa1-xAs semiconductors. 
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Chapter 7  
Three-guide-layer AlGaAs chip 

 Three-guide-layer AlGaAs chip 
First, this chapter discusses improved design approaches to the FCW, PWG and the SSC that 

connects the two waveguides. Second, this chapter details the design of waveguide photodiode 

integrated on a three-guide-layer chip. 

7.1 Large-dimension, deep-etched, single-mode AlxGa1-xAs 
waveguides 

The realization of single mode, III–V semiconductor optical waveguides with a large mode size 

is challenging. On one hand, it is desirable to increase the modal area of the fundamental mode 

TE00. To do so, the most straightforward way is to increase waveguide dimensions. On the other 

hand, higher order modes emerge if waveguide dimensions go beyond the cutoff values. In order 

to design single mode, III–V semiconductor optical waveguides with a large mode size, there are 

two common ways. One of them is leakage control of higher order modes. This method involves 

carefully designing special lower waveguide cladding structures. In this scheme, a waveguide 

would support a low-loss fundamental TE00 mode. All higher order modes suffer extremely high 

losses due to the specially designed lower waveguide cladding structures. The differential 

leakage loss provides foundation of achieving single mode operation. By the terms ‘low-loss’ 

and ‘extremely high loss’, this section aims to design lower than 1×10-2 dB/cm for mode TE00 

and higher than 100 dB/cm for all higher order modes, with special attention given to TE20 and 

TE10 modes. Note, we focus on TE modes throughout this section. 

7.1.1 Introduction 

The salient features of single mode waveguides are their subwavelength width, strong 

birefringence, relatively high propagation loss, high sensitivity to wavelength and waveguide 

width, all of which may provide new opportunities for novel device applications yet limit device 

performance. Although it is natural to use single mode waveguides for single mode devices, it is 

not essential and not always desirable in practice. First, the strong birefringence may make the 

devices polarization sensitive and unsuitable in a lot of applications where state of optical signal 

polarization is randomized, i.e. fiber-optic communications. Second, despite the strong 
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confinement in these waveguides, there is a significant wave amplitude at the sidewall of the 

waveguide, which results in scattering, a major source of propagation loss [172]. The high 

propagation loss arising from subwavelength width and strong lateral confinement is highly 

undesirable for PICs. Third, waveguide losses are sensitive to wavelengths and waveguide 

widths, which brings about more challenges in the design and fabrication of devices. Fourth, if 

single mode operation is required, the waveguide cross section is usually small. One important 

practical consideration is the efficiency of coupling light into such waveguides from a standard 

single mode fiber, which has a much larger mode size. 

Multi-mode waveguides not only have smaller propagation losses, but are also less polarization 

sensitive, easier to fabricate and easier to couple to single mode fibers. However, higher order 

modes have to be managed properly. When a multi-mode waveguide is coupled to single mode 

fiber, higher order modes can be excited. Higher order modes can also be excited where there are 

waveguides bends or waveguide irregularities such as sidewall roughness or geometric 

asymmetry.  

When higher order modes get excited and propagate along with the fundamental modes, a mode 

filter can be integrated in to the waveguide to eliminate higher order modes [173]. Waveguides 

are squeezed in width and higher order modes get leaky and become unguided in the filter 

section. When the width is increased to the original value, only the fundamental mode exists and 

propagates. 

Another approach to eliminate higher order modes is through differential leakage of different 

modes by controlling the etching depth of ridge waveguides. The most widely adopted method 

for making low-loss III–V semiconductor optical waveguides with a large mode size involves 

etching a shallow rib in the upper cladding layer or core to give very weak horizontal 

confinement of the fundamental mode. While shallow-etched waveguides are relatively 

straightforward to fabricate, they have a number of disadvantages [172]. The main drawbacks 

are: 1) the etch depth is very critical and difficult to achieve accurately over the entire wafer; 2) 

light is confined loosely in the lateral direction so bend losses are often high; 3) any light 

launched or scattered into higher order modes leaks out horizontally and can cause severe corner 

losses and background scatter at the output; 4) devices have to be spaced sufficiently to avoid 
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coupling between waveguides; and 5) optical modes tend to be more elliptical in shape and result 

in low coupling efficiency to single mode fibers. 

Many of the disadvantages of shallow-etched guides can be overcome by deeply etching through 

the upper cladding layer, the waveguide core and part of the lower cladding layer [174]. This 

gives a very strong horizontal confinement of light which greatly reduces the problems of bend 

losses, crosstalk and background scatter. This is because any light launched or scattered into 

higher order modes of deeply-etched waveguides leaks vertically into the substrate rather than 

horizontally. In the AlGaAs system, the GaAs substrate will absorb all photons in the 700 – 870 

nm wavelength range, helping to reduce cross-talk. Deeply-etched waveguides are also ideal for 

making high performance multimode interference (MMI) splitters and recombiners which 

require strong horizontal confinement for accurate self-imaging. A further advantage of deep-

etched guides is, because the number of modes supported depends mainly on the epitaxial 

structure, the etch depth is not very critical and the required accuracy can easily be achieved 

using conventional reactive ion etching (RIE), which considerably simplifies the fabrication 

process. The idea of using differential leakage loss to eliminate higher-order modes have been 

demonstrated for a number of AlxGa1-xAs waveguide devices [175-181]. 

All the aforementioned features are extremely valuable for the design of devices in this thesis: 1) 

light scatters vertically rather horizontally – reduces cross talk of devices on the upper layers; 2) 

tight horizontal confinement of deeply etched waveguides – facilitates the design of multi-mode 

interferometers (MMIs), bends etc.; 3) tight confinement would allow light to be sharply bent 

and routed in the circuits; 4) less stringent etch depth requirement – we can easily fabricate 

devices using ICP-RIE. 

The main disadvantage, or challenge, of using deep-etched guides is that a more complex lower 

cladding design is needed for single-mode operation, especially for large guide dimensions. The 

number of modes that can propagate in a waveguide of this type is determined almost entirely by 

the refractive index and thickness of the main lower cladding layer. Single-mode operation is 

achieved when this index is lower than the effective index of the fundamental mode but higher 

than the effective indices of all other modes. This means that only the fundamental mode is 

evanescent in the lower cladding layer and all other modes leak into the GaAs substrate. The 
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main goal when we design this type of waveguide is to maximize the higher order mode losses 

without allowing light in the fundamental mode to leak into the substrate. 

7.1.2 Design 

7.1.2.1 Laying out design parameters 

The design principle of single mode AlxGa1-xAs optical waveguides with a large mode size 

follows the paper by Heaton [175]. The designs of high refractive index contrast passive 

waveguide (PWG) and fiber coupling waveguide (FCW) are independent of each other to a large 

extent in the perspective of modal properties. However, it is important to note that the 

thicknesses and refractive indices of the PWG core layer and the lower cladding layer do play a 

role in the design of spot-size converter that connects the FCW and PWG. They clearly will 

affect how light is coupled between the PWG and FCW. Overall, the design procedures 

pertaining to the FCW in this section have minimum effects on other device designs. 

 

Figure 7.1 Wafer description of the three-guide-layer AlxGa1-xAs chip. The intended use 

and functionality is also shown along with the material composition and thickness of each 

layer. 
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Figure 7.2 Passive waveguide (PWG) and fiber-coupling waveguide (FCW) structures side-

by-side as a comparison. 

The side-by-side comparison the PWG and FCW structures is shown in Figure 7.2. We can see 

two important issues to consider. First, the materials of FCW core and lower cladding layer 2 

must be the same to provide room for achieving differential leakage. Second, because we etch 

3.1 µm into the FCW core layer, making the PWG a deeply etched waveguide with a high 

confinement in the vertical direction, modifying the overall FCW core thickness would not affect 

the PWG characteristics. Of course, the FCW lower cladding layer 1, spacer layer, lower 

cladding layer 2, which are further away, are supposed to have even smaller effects on the PWG 

properties. 

7.1.2.2 Design principle 

The principle based on which we make single mode AlxGa1-xAs optical waveguides with a large 

mode size is that, only the fundamental mode has an effective index that is higher than the 

material refractive index of the lower cladding layer 2. This means that all modes except the 

fundamental mode leak strongly through the lower cladding structure into the substrate [182]. 

The first cladding index is lower so that this layer controls the overall rate at which the light 

leaks from all modes in the waveguide. The second cladding layer acts as a mode filter, and the 

first cladding layer controls how much light reaches the filter. Some alternate wafer designs 

described in the referenced papers also had a spacer layer between the two lower cladding layers. 

This layer had the same index as the core and was originally thought to improve the filtering 

process. In practice, however, spacer layers were not found to be very useful [175]. A high index 

substrate, which is the natural choice for GaAs/AlxGa1-xAs waveguides, is not strictly necessary 
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for this type of mode filtering to work, but it is essential for calculating the losses of modes in 

this type of leaky waveguide. 

7.1.2.3 FCW core width and thickness 

The width of the waveguide affects the effective index of the guided modes. Take the 

fundamental TE00 and TE10, TE20 as examples. When the width increases, the indices of these 

three modes increase and converge to the FCW core material refractive index, as shown in 

Figure 7.3. When this happens, to effectively filter higher order modes, i.e. TE10 and TE20, the 

aluminum content of lower cladding 2 material must also converge to the value of the FCW core 

material such that neff of the higher order modes are below n2. Assuming epitaxial growth can 

distinguishably grow 1% aluminum fraction in AlxGa1-xAs, which is determined by our wafer 

provider, there will be an optimum value of the waveguide width, beyond which epitaxial growth 

reliability becomes an issue. 

 

Figure 7.3  Effective indices of horizontal modes as a function of waveguide width. t0 = 3.1 

µm, t1 = 0.1 µm, t = 0.1 µm, t2 = 3.5 µm. The etch depth is d = t0. 

In order to improve the power coupling efficiency to a SMF at 850 nm, we choose 4 µm as the 

waveguide width. It was found that at this width, we can choose 46% aluminum fraction AlxGa1-

xAs for FCW lower cladding 2 layer. Figure 7.3 shows horizontally polarized TE modes. Higher-

order, vertically-polarized modes have similar features. However, it was found that once higher-

3.268

3.27

3.272

3.274

3.276

3.278

3.28

3.282

3.284

2 3 4 5 6 7 8 9 10

n e
ff

Waveguide width (μm)

TE00 TE10 TE20 Lower cladding 2



114 

 

order, vertically-polarized modes exist, it is hard to filter them by carefully designing the lower 

cladding structures [182]. That said, we need to choose a relatively smaller FCW core thickness 

compared to its width. After many design iterations, we picked t0 = 3.1 µm. The fundamental 

mode area is not affected by modifying low cladding structures, even though its loss is 

significantly affected. Therefore, at this point where we have w = 4.0 µm and t0 = 3.1 µm fixed, it 

makes sense to see how large the mode power overlap integral and power coupling coefficient 

are. 

 

Figure 7.4 Mode profiles of the fundamental TE00 mode of the FCW waveguide (left) and a 

SMF with a focused beam waist of 3 µm (right). The circular curve surrounding the fiber 

mode is 1/e2 power level curve corresponding to the beam waist of 3 µm. 

Shown in Figure 7.4 are mode profiles of the fundamental TE00 mode of the FCW waveguide 

and a SMF with a focused beam waist of 3 µm. The calculated power overlap integral for the two 

modes is 98%. 

7.1.2.4 Lower cladding structures 

The materials for lower cladding 1 layer, spacer layer and lower cladding 2 layer are fixed before 

optimizing the thickness. To design large-dimension-single-mode waveguides, we want to see 

how the leakage losses can be controllably optimized. 
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Table 7.1  Optimization iteration base point. 

 Thickness Material 

FWC lower 1 layer 0.1 μm Al0.50Ga0.50As 

FCW spacer layer 0.1 μm Al0.45Ga0.55As 

FCW lower 2 layer 3.5 μm Al0.46Ga0.54As 

Because changing the thickness of each layer has similar effects as changing the material, we fix 

the materials first. In particular, material of FCW lower cladding 2 layer is Al0.46Ga0.54As, which 

is closest to FCW core material if we consider 1% aluminum epitaxial growth reliability. It was 

found that, indeed, effective indices of higher order modes are smaller than the refractive index 

of Al0.46Ga0.54As, making higher order modes leaky. This lays out the foundation of controlled 

leakage. 

The main reason for using two lower cladding layers is to reduce the overall epitaxy thickness. 

The field solution in the first cladding layer is evanescent in the plane for all waveguide widths 

so that this layer provides a barrier to most of the light in the waveguide. It is the fraction of light 

from each mode which leaks through into the second cladding layer that determines the mode 

loss. The first cladding layer has to be thick enough and have a low enough refractive index to 

prevent too much light leaking from the fundamental mode but must also allow sufficient light to 

leak from the other modes. 
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Figure 7.5 Mode losses of TE00, TE10 and TE20, when they exist, as a function of FCW lower 

cladding 1 thickness. Note, all the other parameters are taken from Table 7.1. 

 

 

Figure 7.6 Mode losses of TE00, TE10 and TE20, when they exist, as a function of FCW 

spacer layer thickness. Note, all the other parameters are taken from Table 7.1. 
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Figure 7.7  Mode losses of TE00, TE10 and TE20, when they exist, as a function of FCW 

lower cladding 2 thickness. Note, all the other parameters are taken from Table 7.1. 

Please note, shown in Figure 7.7 are only the TE00, TE10, TE20 and TE30 modes as it is their 

losses which need to be controlled. We want the TE00 loss to be as small as possible and the 

losses of all higher order modes to be as large as possible. What is not shown are the higher-

order vertically-polarized modes, and some slab modes if they exist. The reasons are two-fold, 

which are important to point out. First, they have negligible mode power overlap integral and 

power coupling coefficients. These modes will not be efficiently excited and we ignore them 

here. For all slab modes, they reside in lower cladding 2 layer and are far away from the TE00 

mode, which again makes them impossible to be excited when a SMF source is optimized for 

TE00. For example, the power overlap integral coefficient is in the order of 1×10-5. Some higher-

order vertically-polarized modes seem to sit in the FCW core area but actually have negligible 

power overlap integral and power coupling coefficients with the SMF mode. Second, they have 

high losses. Higher-order vertically-polarized modes, in the cases considered in the above 

parameter scan, all have higher propagation losses than the fundamental mode considered. This 

is partially due to that the FCW already has been optimized as in Section 7.1.2.3. They seem to 

sit in the FCW core area but are very unlikely to be excited in the first place. Even if they are, 

they leak into the substrate very quickly and actually are not guided modes. 
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As can be seen from Figure 7.7, at the optimum values, all higher order modes TE10, TE20 and 

TE30 have losses between 60 and 100 dB/cm, while the loss of TE00 is only between 0.01 and 

0.05 dB/cm. If we assume a 5-mm propagation length, higher order modes that even initially 

have an equal power as TE00 would be attenuated be at least 30 dB compared to TE00. This 

achieves large area single mode waveguide that couples efficiently to SMFs. 

7.1.3 Etch errors and wavelength characteristics 

So far, we have considered etch depth exactly the same as FCW core thickness, such that FCW 

core is fully etched and FCW lower cladding 1 is intact. We need to consider etch error effects 

because when etching about t0 = 3.1 µm deep waveguide, errors are inevitable in practice. 

As can be seen from Figure 7.8, the losses for TE00 remains small when the sample is over 

etched. Those of TE10 and higher-order horizontally-polarized modes remain high. Some higher-

order vertically-polarized modes, if they exist, and slab modes follow the same pattern which has 

been discussed in the previous sections. The conclusion is that, an etch error as large as 600 nm 

is tolerable. Close observation tells us that, if errors is unavoidable, it is more favorable to under 

etch the FCW structure (left part of Figure 7.8). This way, TE10 losses will increases a little bit. 

 

Figure 7.8  Etch error analysis. Positive values mean for over-etch. Negative values mean 

for less-than-desired etch depth. 
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Figure 7.9  Wavelength characteristics of the large-dimension, deep-etched, single mode 

waveguides. 

Lastly, we scan the wavelength between 850 nm and 1000 nm. Higher order modes of longer 

wavelength are supposed to have larger losses. Some higher order modes, i.e. TE20, would vanish 

when wavelength increases, which is favorable. The most concerning issue is the losses of the 

TE00 and TE10 modes. As can be seen from Figure 7.9, all design features hold throughout the 

wavelength range of interest. 

7.1.4 Conclusion 

This section finishes the design of single mode AlxGa1-xAs optical waveguides with a large mode 

size. The final design dimensions are shown in the Figure 7.1. Compared to the paper [175], this 

is much improved in terms of differential leakage between TE00 and TE10. In our case, we have 

(50 dB/cm)/(0.05 dB/cm) ≅ 1000 while in [175] it is only about (6	Sñ/L:) (0.25	Sñ/L:)⁄ =

24. This means our design of eliminating higher order modes through differential leakage of 

different modes by controlling the etching depth of ridge waveguides is successful. 
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7.2 Passive waveguide (PWG) characteristics 

 

Figure 7.10 Mode profile of the fundamental TE00 mode of the PWG. The waveguide width 

is 760 nm and the waveguide depth is 3.8 µm. The FCW core layer is completely etched. 

The design of PWG and FCW is independent of each other to a large extent. In order to 

demonstration the interdependence between the designs of the PWG and FCW, the bend losses 

of the PWG is used as a benchmark. When a waveguide is bent, the vertical leakage becomes 

more significant, and the effects of the FCW core layer, which acts as a lower cladding layer, are 

clearer. Figure 7.11 compares the change of PWG characteristics before and after FCW design, 

i.e. changing the FCW core layer thickness from 2.1 µm to 3.1 µm. As can be seen, there is no 

change at all. 
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Figure 7.11 Bend loss of the PWG TE00 mode as a function of wavelength for 60 µm bend 

radius and 600 nm etch depth into the FCW core before and after FCW design, i.e. 

changing the FCW core layer thickness from 2.1 µm to 3.1 µm. 

The FCW core is acting as a lower cladding for the PWG waveguide. The thickness of the FCW 

core is changed from 2.1 µm before FCW design to 3.1 µm after. Additional etching into the 

FCW core provides additional degree of freedom to control the bend loss for different radii over 

the wavelength range of interest. Therefore, increasing the thickness of the FCW core can further 

improve the design. 
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Figure 7.12  Bend loss of the PWG TE00 mode as a function of wavelength for 60 µm bend 

radius and different etch depth into FCW core (from 600 nm to 3000 nm). 

Figure 7.12 shows the bend loss at 60 µm radius for different etch depths into FCW core layer. 

Increasing the etch depth, clearly decreases the bend loss due to a higher vertical confinement 

and lower leakage into the substrate. 

7.2.1.1 Waveguide aspect ratio and bend loss 

At an etch depth of 3000 nm the FCW core layer is completely etched away and the PWG has an 

aspect ratio of 5. The over etch depth into FCW core plays vital role in controlling the bend loss. 

Another paper reported bend radius around 10 µm [183]. In order to have a bend radius that is as 

small as 10 µm, we need to increase the aspect ratio of the waveguide. We look at the bend loss 

for aspect ratio between ≈ 2 and 5. 
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Figure 7.13  Calculated waveguide bend loss for different bend radii and etch depths. 

 

Figure 7.14  Effective index of the fundamental TE00 for a straight PWG waveguide with 

etch depth of 3000 nm in to the FCW core layer. 

According to Figure 7.13, aspect ratio should be larger than 2 to have a 10 µm bend radius. In 

order to see how the integration of a SSC would improve the coupling efficiency, the power 

overlap integral is calculated for the PWG and a SMF with a focused beam waist of 3.0 µm. The 

SMF is the one used in Figure 7.4. The power overlap integral is 13%. Because the power 

overlap integral is as large as 98%, the integration of a spot size convert could theoretically 

improve the coupling efficiency from a SMF to the PWG by 7.5 times. The improvement of 

coupling efficiency has been demonstrated when we used our two-guide-layer wafer in Chapter 

5, results of which are published in [141]. 
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7.3 Improved spot-size converter design 
Due to improved designs of the FCW and PWG, the new spot-size converter design is greatly 

improved. The total length of the SSC is greatly reduced. Figure 7.15 shows a simulated 

conversion efficiency of 96% with Rsoft® BMP method is achieved over a total length of 350 

µm, making the SSC one of the shortest SSCs in AlxGa1-xAs semiconductors. 

 

Figure 7.15 Field profiles of TE00 modes of (a) PWG and (b) FCW, respectively. (c) Top 

view of the spot-size converter. (d) Vertical coupling between the TE00 modes of the FCW 

and PWG. 

 

Figure 7.16 Schematic view of the SSC with the dimensions of the PWG and FCW. 
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The working principle and design procedures of the SSC is detailed in Chapter 5. The parameters 

labeled in Figure 7.16 are as follows: exponential taper length L1 = 50 µm, transition waveguide 

length L2 = 200 µm, quadratic taper length L3 = 100 µm, transition waveguide width W1 = 2.5 

µm. There is a 50 µm gap between the end of the first taper (i.e. where L1 ends) and the start of 

the second taper (i.e. where L2 starts). This can be seen from the top view of the spot-size 

converter in Figure 7.15. Therefore, the actual length of second taper is 150 µm even though the 

length of the transition waveguide is 200 µm. 

To summarize, the improved designs approaches to the FCW, PWG and the SSC that connects 

the two waveguides greatly improve the device performance. The overall devices length has been 

reduced from ≈1000 µm to 350 µm. 

7.4 Single quantum well waveguide photodiode 

7.4.1 Introduction 

Photo detection in semiconductors works on the general principle of the production of electron-

hole pairs under the illumination of light. When a semiconductor material is illuminated by 

photons of an energy greater than or equal to its bandgap, the absorbed photons promote 

electrons from the valence band into excited states in the conduction band, where they behave 

like free electrons that are able to travel long distances across the crystal structure under the 

influence of an intrinsic or externally-applied electric field. In addition, the positively-charged 

holes left in the valence band contribute to electrical conduction by moving from one atomic site 

to another under the effects of the electric field. In this way, the separation of electron-hole pairs 

generated by the absorption of light gives rise to a photocurrent, which refers by definition to the 

fraction of the photogenerated free charge-carriers collected at the edges of the material by the 

electrodes of the photodetecting structure, and whose intensity at a given wavelength is an 

increasing function of the incident light intensity.  

Among the four main structures of photovoltaic photodetectors – PIN (or PN) diodes, APD 

(avalanche photodiodes), Schottky junctions, and MSM (metal-semiconductor-metal) 

photodiodes, PIN diodes and APD diodes are more amenable to waveguide structures and have 

attracted a lot of research in the context of telecommunications. Based on the above discussion, 

the design of the WGPD in this section will be based on a PIN photodiode. 
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7.4.2 Photodiode characteristics 

7.4.3 InxGa1-xAs properties 

The absorption functions of the main semiconductor materials or semiconductor families used to 

build photodiodes in the spectral range of 600 nm and 1.8 µm are shown in Figure 1. They can be 

chosen as a function of the wavelengths to be detected. 

 

Figure 7.17 Absorption spectra for semiconductor materials used in the visible to near-

infrared range. Figure is from [184]. 

From 400 to 900 nm, there are silicon and the AlxGa1-xAs/GaAs families. Gallium arsenide 

(GaAs) has a direct bandgap; its absorption coefficient is approximately 104 cm-1 for λ = 800 nm 

and increases very rapidly below the corresponding wavelength λG (λG = 870 nm). Highly 

developed for the construction of microwave integrated circuits and diode lasers, it is available 

as a high-quality substrate for creating defect-free heterojunctions with AlxGa1-xAs, InxGa1-xAs1-

yPy and AlxGayIn1-x-yAs alloys. However, since we are aiming to design waveguide photodiodes 

in the spectral range of 850-1000 nm, which is relevant for Raman spectroscopy if the 830 nm is 

used as the excitation wavelength, bulk GaAs is not suitable. For the InxGa1-xAs1-yPy family, it 

can be grown lattice-strained to InP and AlxGa1-xAs [185, 186]. Unfortunately, AlxGa1-xAs 

lattice-matched components all have high energy bandgaps. We used InxGa1-xAs as the quantum 

well material. 
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The most important parameter is the band gap. Optical properties of InxGa1-xAs are based mainly 

on [66] and [187]. All components of InxGa1-xAs have direct bandgaps. Its bandgap energy varies 

from 0.8 eV to 1.42 eV (GaAs). The energy band structures of strained InxGa1-xAs/GaAs have 

been thoroughly studied in the references [188-190] and [191, 192]. For InxGa1-xAs with small x 

value grown on (001) GaAs substrate, the energy bandgap is 

&,(j) = 1.42 − 1.11j + 0.45j@	(Oó) 

……………………………………… (Equation 7.1) 

Therefore, strained In0.2Ga0.8As on GaAs has about Eg = 1.226 eV (λg = 1011 nm) and is good for 

absorbing light in the spectral range of 850 nm to 1011 nm. The band discontinuity and band 

offset have been studied in [193, 194]. Conduction band discontinuity ΔEc= (0.44ΔEgg) eV, 

where ΔEgg(eV) = [1.247y + 1.5(1-x) - 0.4(1-x)2] (eV) is the difference between Γ-valleys in 

GaxIn1-xAs and AlyGa1-yAs. 

The critical thickness of InxGa1-xAs grown on GaAs has been thoroughly studied. As detailed in 

[195], the critical thickness of In0.2Ga0.8As is about 17 nm and that of In0.25Ga0.75As is about 12 

nm. Table 7.2 lists some examples of InxGa1-xAs (x = 0.25 or 0.30) on GaAs. As can be seen, a 

10 nm thick high quality In0.2Ga0.8As can be grown on GaAs. The critical thickness of InxGa1-xAs 

as a function of indium content is shown in Figure 7.18 [195]. 

Table 7.2 Critical thickness of strained InxGa1-xAs on GaAs in the literature. The 

temperature at which the experiment was carried out was also shown. 

Indium content InGaAs/GaAs Temperature Band offset Comments 

25% 120/1000Å 1.6K Qc=0.6 Ref [194] 

25% 120/120Å RT Qc=0.65 Ref [196] 

25% 120/150 Å 77K - Ref [197] 

30% 120/- Å 8K Qc=0.65 Ref [198] 
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Figure 7.18 Experimental data and calculated dependence (solid line) of the critical 

thickness of InxGa1-xAs as a function of indium content. Figure is from [195]. 

The thickness of the barrier layer is also important. If the thickness of the barrier layer, i.e. GaAs, 

becomes too small, the barrier layer may not be strong enough to endure the strain introduced by 

InxGa1-xAs. It’s been shown that the GaAs barrier has to be no thinner than 40 nm so that strain 

relaxation does not occur for a 12-nm-thick In0.25Ga0.75As [199]. To be safe, the GaAs barrier for 

a 10-nm-thick In0.2Ga0.8As layer in our waveguide photodiode design has a minimum thickness 

of 40 nm. 

7.4.4 Optical absorption of the SQW structure 

The optical absorption properties of the single quantum well structure (SQW) were simulated 

using a free software, nextnano®. The simulated results were compared to literature results and 

agreed very well with published experimental results. According to nextnano®, 1.4% strain is 

included in the model. Calculated bandgap of In0.2Ga0.8As is 1.198 eV and GaAs 1.423 eV. 

Lattice temperature is 300 K. 
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The calculated absorption coefficient between 1.1 eV and 1.5 eV is shown Figure 7.19. TE mode 

is considered. From the simulation, the 1hh-1e transition occurs around 1.266 eV (979 nm). 

 

Figure 7.19 Optical absorption of the 10/40 nm In0.2Ga0.8As/GaAs single quantum well 

(SQW) structure using nextnano®. 

Too see if the model is correct, below (left) is the results from showing 10 nm In0.2Ga0.8As well 

surrounded by 50 nm GaAs barriers, compared to the nextnano® simulation using exactly the 

same parameter in the paper. Simulation give 1hh-1e transition at 1.266 eV (979 nm) for 300K 

lattice temperature. Because of errors in In0.2Ga0.8As bandgap, this exact 1hh-1e transition can be 

anywhere between 1.269 eV (977 nm) and 1.212eV (1022 nm). From the paper, it is around 1000 

nm, which falls right in the middle. 

7.4.5 Mode propagation and absorption properties 

The complete wafer structure of the three-guide-layer wafer is shown in Figure 7.1. The epitaxial 

layers for the waveguide photodiode (WGPD) are shown in Table 7.3. There are nine layers in 

total. The layer characteristics are as follows in the wafer growth direction. A 200 nm thick, 

5×1017 cm-3 silicon doped n-type Al0.2Ga0.8As is used as the n-contact layer. According to 

Section 2.2.2.1 and Figure 2.6, the change of refractive index |Δn| is smaller than 1×10-3.  
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Next, a 20 nm thick Al0.2Ga0.8As/GaAs grading layer is inserted before a 40 nm thick GaAs 

barrier layer is grown. A 10 nm In0.2Ga0.8As layer is used as the well material for the QW 

structure. A 340 nm GaAs layer is used as the second barrier for the QW well structure. The 20 

nm thick Al0.2Ga0.8As/GaAs grading layer, 40 nm thick GaAs barrier layer, 10 nm In0.2Ga0.8As 

layer and 340 nm GaAs layer form the intrinsic region of the WGPD. According to Section 

2.2.2.2 and Figure 2.7, the change of refractive index |Δn| of the GaAs barriers is smaller than 

0.02. According to Section 2.2.2.3 and Figure 2.9, the change of refractive index |Δn| of the 

In0.2Ga0.8As is smaller than 0.01. 

Next, a 25 nm thick, 1×1018 cm-3 carbon doped p-type GaAs/Al0.3Ga0.7As grading layer is 

inserted before a 500 nm thick, 1×1018 cm-3 carbon doped p-type Al0.3Ga0.7As layer is grown. 

The 500 nm thick, 1×1018 cm-3 carbon doped p-type Al0.3Ga0.7As layer plays the role of the upper 

cladding layer of the WGPD. Finally, a 25 nm thick, 1×1018 cm-3 carbon doped p-type 

Al0.3Ga0.7As/GaAs grading layer is inserted before a 100 nm thick, 5×1018 cm-3 carbon doped p-

type GaAs layer is grown as the p-contact layer. According to Section 2.2.2.4 and Figure 2.11, 

the change of refractive index |Δn| of the 500 nm thick, 1×1018 cm-3 carbon doped p-type 

Al0.3Ga0.7As layer is smaller than 1.4×10-3. 
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Table 7.3 The composition, thickness, doping characteristics of the epitaxial layers in the 

WGPD structure. 

Material Thickness (nm) Doping level (cm-3) Dopant species Dopant type 

GaAs 100 5×1018 Carbon p 

Al0.3Ga0.7As to GaAs 25 1×1018 Carbon p 

Al0.3Ga0.7As 500 1×1018 Carbon p 

GaAs to Al0.3Ga0.7As 25 1×1018 Carbon p 

GaAs 340 - - - 

In0.2Ga0.8As 10 - - - 

GaAs 40 - - - 

Al0.2Ga0.8As to GaAs 20 - - - 

Al0.2Ga0.8As 200 5×1017 Silicon n 

A schematic of the WGPD wafer structure is shown in Figure 7.20. Simulation is carried out 

with RSoft® BPM method. Light is launched in from the PWG, which has been discussed in 

Section 7.2. A vertical coupler is used to transfer light into the WGPD [200]. An optimization 

process, which is similar to Figure 5.3, is used. Basically, the material composition and thickness 

of each layer, and geometrical design parameters, i.e. the width of the WGPD ridge, width of the 

mesa and length of the taper, are varied. Power monitors and contour monitor are positioned 

after the taper where the remaining total power in the PWG mode is about (1/e2). The goal of the 

optimization process is to achieve smooth transfer and efficient absorption of the light. 

The final WGPD geometry is shown in Figure 7.21(a) and has a mesa width of 6 µm and a ridge 

width of 3 µm. As the light propagates in the PWG mode along Z direction, it is evanescently 

coupled in to the WGPD structure and gets absorbed. The WGPD length corresponding to (1/e2) 

residual power is about 60 µm. With 200 µm WGPD length, about 99% of the PWG mode power 

is absorbed, as shown in Figure 7.21(b) and (c).  
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Figure 7.20 Schematic of the WGPD wafer structure. The layer descriptions for the thick 

layers, i.e. the 200 nm Al0.2Ga0.8As n-contact, 340 nm GaAs intrinsic layer, 500 nm 

Al0.3Ga0.7As upper cladding layer and 100 nm GaAs p-contact layer, are shown. The three 

layers for passive waveguide (PWG) are also included and shown in green. 

 

Figure 7.21 (a) Schematic of the WGPD. (b) Propagation and absorption profiles at the 

wavelength of 850 nm. (c) Power monitors for the PWG mode and total power. 

The effects of the refractive index change due to doping are simulated. The effects of changing 

material refractive indices in the RSoft® BPM tools, as well as absorption coefficients where 

applicable. The findings are as follows. The changes in the refractive index of the n-contact and 

p-contact layers were very small, no effects were present. The effects in all the grading layers 

and the 10 nm In0.2Ga0.8As QW layer are insignificant because these layers are very thin. The 

change in the 340 nm GaAs layer in the intrinsic region have a very minor effect on the vertical 
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coupling and absorption profile. In summary, the changes in the refractive indices or absorption 

coefficients have negligible effects. 

7.4.6 Responsivity 

Using Crosslight® SimuPICS3D tools, we obtained a simulated photo responsivity of 0.66 A/W 

at the wavelength of 850 nm. The simulated WPGD structure is shown in Figure 7.22. The p-

contact and n-contact are positioned on the 100 nm thick, 5×1018 cm-3 carbon doped p-type GaAs 

layer and 200 nm thick, 5×1017 cm-3 silicon doped n-type Al0.2Ga0.8As layer, respectively. These 

contacts are assumed to be perfect in the model. The vertical mode profile of the WGPD is 

shown in Figure 7.23. For the simulation, 1 mW optical power is launched in the fundamental 

mode. The propagation distance of the WGPD is 350 µm. The simulated output current of the 

WPGD is 0.66 mA. The output light power when the WGPD is bias at -2 V is scanned when the 

input power is varied from zero to 1 mW and shown in Figure 7.24. The wave intensity profile of 

the input light is meshed out in the direction of propagation and shown in Figure 7.25. According 

to the simulations, a theoretical responsivity of 0.66 A/W is obtained for the WGPD. 

 

Figure 7.22 Perspective view of the simulated WGPD structure in the Crosslight® 

SimuPICS3D. 
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Figure 7.23 Fundamental mode profile of the WGPD structure in the wafer growth 

directions. The origin is the bottom of the n-contact. The total thickness of teh WGPD is 

1.26 µm. 
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Figure 7.24 Simulated output current of the WGPD as a function of the input power at a 

bias of -2V. 

 

Figure 7.25 Wave intensity profile (in y direction) of the input light meshed in the direction 

of propagation (in z direction). 
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7.5 Conclusion 
This chapter discussed the theoretical design of a three-guide-layer AlGaAs chip, results of 

which are published in [201]. First, we presented the design of single mode AlxGa1-xAs optical 

waveguides with a large mode size. The differential leakage loss between TE00 and TE10 is 30 

dB. The calculated power overlap integral for the two modes is 98% between the FCW 

waveguide and a SMF with a focused beam waist of 3 µm. Second, we designed a new SSC and 

achieved a conversion efficiency of 96% for a total SSC length of 350 µm, making it one of the 

shortest SSCs in the AlxGa1-xAs semiconductors. The two waveguides, PWG and FCW, are 

polarization insensitive. The single mode operation of the FCW holds for straight and bent 

waveguides. Third, we designed a WGPD using a 10 nm thick In0.2Ga0.8As as the QW. We 

simulated the light propagation using RSoft® BPM tools and obtained a theoretical coupling 

efficient of 99% between the PWG and the WGPD. We simulated the photo responsivity of the 

WGPD using Crosslight® SimuPICS3D tools and obtained a theoretical responsivity of 0.66 

A/W. 
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Chapter 8  
Summary of the thesis 

 Summary of the thesis 
The rapidly growing Internet services put a higher bandwidth requirement on datacenters. A low-

power and low-cost photonic integrated circuit (PIC), using wavelength division multiplexing 

(WDM), holds the promise to further scale the density, reach, and bandwidth needed for next-

generation datacenter networks. Photonic integrated circuits (PICs) have the potential to produce 

miniaturized devices, reduce costs and lower the power requirements of optical devices. 

Monolithically integrated optical components are defined by lithography and thus aligned with 

high precision, which improves device lifetime and reliability. However, it remains a challenge 

to monolithically integrate different active and passive components into the same chip, such as 

those requiring lasers, detectors, or semiconductor-optical-amplifiers (SOAs). One of the biggest 

challenges facing monolithic photonic integration is the requirement of different bandgap 

energies for different functional components. Current integration schemes, such as etch-and-

regrowth, quantum well intermixing, selective-area-growth and hybrid material integration, 

suffer from drawbacks that either limit the integration complexity of incur high fabrication costs. 

The intention of this thesis is to show that multi-guide vertical-integration (MGVI) is a practical 

approach for integrating multiple optical components with different band gap energies in the 

AlxGa1-xAs semiconductor system. 

8.1 Discussion of results 
To design and fabricate optical devices, the index of refraction, n, has to be precisely known. We 

first analyzed the index of refraction, n, described as a function of the aluminum content, x, and 

the wavelength, λ, in a semi-empirical model. The carrier induced change of refractive index, Δn, 

of the AlxGa1-xAs and InxGa1-xAs semiconductors was modeled following literature papers [63-

65, 69]. The results were used in the design and simulation of the different wafer structures 

proposed in this thesis. The carrier induced change of refractive index, Δn, was found to be 

practically negligible in the design of the three-guide-layer wafer in Chapter 7. 

For the realization of vertically integrated circuits operating at 850 nm in AlGaAs, it is critically 

important to be able to accurately control etch depth. In this thesis, we have explored the use of 
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both wet etching and reactive ion etching processes in the fabrication of such circuits. In Chapter 

3, we analyzed wet etching techniques using our first wafer, a two-guide-layer wafer, and 

demonstrate successful sacrificial etching of AlxGa1-xAs layers with a low aluminum content on 

AlxGa1-xAs layers with a high aluminum content. Selectivity of 15:1 and 40:1 for citric acid, or 

succinic acid wet etchants have been obtained. Wet chemical etching recipes provided precise 

etching depth control. Due to the fact that wet chemical etching was isotropic and lateral etching 

proceeded at a speed equal to that of vertical etching, slanted waveguide sidewalls were created. 

The use of wet chemical etching recipes in the fabrication of deep-etched high-aspect-ratio 

waveguides could be a challenge. However, wet chemical etching recipes induce low damage 

and can be used in the fabrication of waveguide photodiodes. In addition, we demonstrated 

sacrificial etching of Al0.7Ga0.3As layers against AlxGa1-xAs layers with x < 0.5 on a different 

wafer structure in HF solutions. The isotropic etching characteristics were utilized in the 

fabrication of suspended waveguides, where we measured a propagation loss of 25±1 dB/cm and 

34±1 dB/cm for the TE and TM modes, respectively, at the wavelength of 1550 nm [110, 202]. 

The measured propagation losses were still high and could be attributed to an increased electric 

field at the waveguide sidewalls and thus increased scattering. 

In Chapter 4, we developed plasma etching techniques using a combination of EBL and 

inductively-coupled plasma reactive ion etching (ICP-RIE). We successfully developed two dry 

etch recipes which allowed for highly precise and anisotropic etching. A slow etch recipe with 

BCl3 achieved an etch rate of 0.25 nm/s while a fast etch recipe with Cl2/N2 achieved an etch rate 

of more than 20 nm/s. We fabricated 800-nm wide and 3.2-µm deep straight waveguides using 

the fast etch recipe and measured a propagation loss of 6.7 dB/cm for the fundamental TE mode 

at the wavelength of 850 nm [109, 110]. We proved that highly precise and anisotropic etching 

could be achieved. To the best knowledge of the author, this was the largest difference in etch 

rates of ICP-RIE recipes that were used in the monolithic integration of optical waveguides. As 

fabrication of state-of-the-art optoelectronic devices essentially relies on ICP-RIE techniques, the 

work in this Chapter demonstrated the feasibility of making MGVI chips in the AlxGa1-xAs 

material system in a University-based fabrication-center environment. 

In Chapter 5, we fabricated and tested a vertically integrated spot-size converter (SSC) in the 

two-guide-layer wafer, which allowed for an efficient coupling from a single mode fiber (SMF) 

to the high-confinement Device Waveguide (DWG, top waveguide of the wafer), via the large-
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dimension Coupling Waveguide (CWG, bottom waveguide of the wafer). We measured an 

insertion loss of 0.4 dB (91±0.2% transmission) on a transmission from the CWG to the DWG at 

the wavelength of 850 nm. SMF-CWG-DWG insertion loss measures at -3 dB (-1.5 dB after 

correction for 28% Fresnel reflection at uncoated facet), still leaving a room for improvement, 

e.g. by optimization of the Coupling Waveguide layer structure and layout [141, 153]. In 

addition, we designed an arrayed waveguide grating (AWG) in the two-guide-wafer. The proof-

of-concept design of AWGs in Chapter 6 demonstrated it is feasible to devise complicated signal 

processing devices on the top waveguide in the two-guide-layer wafer. We discussed challenges 

faced in realizing circuits with closely spaced features, based on our preliminary fabrication 

experiments. The current fabrication challenge was the undercut structures of the devices, which 

can be circumvented by changing waveguide gaps. 

In Chapter 7, we discussed the theoretical design of a three-guide-layer AlxGa1-xAs chip. We 

presented the design of single mode AlxGa1-xAs optical waveguides with a large mode size based 

on differential leakage loss between TE00 and TE10, which was more than 30 dB. The calculated 

power overlap integral for the two modes was 98% between the FCW waveguide and a SMF 

with a focused beam waist of 3 µm. We designed a new SSC and achieved a conversion 

efficiency of 96% for a total SSC length of 350 µm, making it one of the shortest SSCs in the 

AlxGa1-xAs semiconductors. We designed a WGPD using a 10 nm thick In0.2Ga0.8As as the QW. 

We simulated the light propagation using RSoft® BPM tools and obtained a theoretical coupling 

efficient of 99% between the PWG and the WGPD. We simulated the photo responsivity of the 

WGPD using Crosslight® SimuPICS3D tools and obtained a theoretical responsivity of 0.66 

A/W. Compared to the Chapter 5, the design results in this Chapter showed much improvement.  

8.2 Future work 
In this thesis, the potential for monolithically integrating different functional components in 

AlxGa1-xAs using the multi-guide vertical integration approach has been investigated. This 

approach opens up the opportunity of realizing functional optical circuits, operating at 850 nm 

which have applications in data center communications, quantum optics and biosensing. The 

AlxGa1-xAs material system was the first to be used for telecommunications back in the 1980s 

and continues to have new applications. 
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8.2.1 WDM devices for data center interconnects 

Currently, data center interconnects are dominated by 10 Gbps optical links based on vertical 

cavity surface emitting lasers (VCSELs) emitting at 850 nm and multi-mode fibers (MMFs). The 

ever-growing internet traffic calls for upgrading the links to 40 Gbps and then 100 Gbps and the 

physical size of the data center interconnects require links up to 2 km [44]. The upgrade path to 

100 Gbps using VCSELs is to use multiple lanes over parallel optics. While VCSELs are 

relatively inexpensive, the reach distance of such links is limited to less than 150 meters due to 

the modal dispersion in MMFs. The use of MMFs in parallel optics drives up the cost. The other 

option for 100 Gbps links is to use wavelength division multiplexing (WDM) over single mode 

fibers (SMFs) in the 1.31/1.55 μm windows. However, this requires lasers built in InP/InGaAsP 

material systems, which is more expensive. This high capacity optical interconnects (OIs) can be 

built by using wavelength division multiplexing (WDM) transmission over single mode fiber 

(SMF), which also allows for a step-by-step upgrade by adding more wavelengths per fiber (e.g. 

by reducing channel spacing) or / and more symbols per bit (e.g. by using coherent receivers). 

Whereas OIs built in AlxGa1-xAs at the wavelength of 850 are limited to a short reach, this should 

not be an issue with data centers, which, in most cases, do not require OIs longer than 1 km [30]. 

The multi-guide vertical integration (MGVI) approach has been proven to be cost-effective [28, 

34, 35, 43]. The 1-km WDM point-to-point link loss budget based in AlxGa1-xAs has been 

estimated [45]. In addition, AlxGa1-xAs semiconductors are more robust and offer cost advantage. 

Finally, PIC footprint size scales down with a reduction of operating wavelength and increase of 

index contrast between materials it is made from, both factors playing to the advantage of 

AlxGa1-xAs. The vertical integration approach demonstrated in this thesis provides a new avenue 

to WDM devices for data center communications. 

8.2.2 PICs for quantum optics technology 

Research on chip quantum information technology is growing fast and AlxGa1-xAs has also been 

identified as the promising semiconductor system [92]. Key components including waveguide 

integrated single-photon detectors [203], waveguide integrated single photon sources [204-206, 

98] and quantum state manipulating waveguides [92, 207-209] have been successfully 

demonstrated. PICs offer a promising approach for future practical and large-scale quantum 

information processing technologies, with the prospect of on-chip generation, manipulation and 
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measurement of complex quantum states of light. Our group also worked on correlated photon 

generation using four-wave mixing [93, 99]. The vertical integration approach in this thesis 

provides a novel avenue to monolithic integration of optical components. The integration of 

pump lasers, nonlinear optical elements, and signal processing waveguides opens the possibility 

of a true quantum optics technology in AlxGa1-xAs semiconductors. 

8.2.3 Optical biosensing in the 785–850 nm spectral window  

The 850 nm spectral window could also find potential use in non-invasive biosensing [210-215]. 

Hemoglobin has the lowest absorption coefficient in the 785–850 nm spectral window. 

1.31/1.55-µm light is not recommended for biosensing in an aqueous environment because of the 

strong absorption of light by water, which may cause detrimental heat, or unwanted optical 

signal absorption [169]. There has been a trend of miniaturizing bulking optical systems for 

diagnostic systems, i.e. optical coherence tomography (OCT) [216-218], NIR absorption 

spectroscopy [219] and Raman spectroscopy [220]. Therefore, PICs in AlxGa1-xAs 

semiconductors naturally provide a suitable platform for biosensing applications in the spectral 

range of 785–850 nm. The miniaturization of optical detection systems for biosensing 

applications calls for light collection [221, 222], signal processing and detection on a chip. The 

MGVI scheme in AlxGa1-xAs semiconductors allows for monolithic integration of large-

dimension waveguides, which could improve light collection efficiency from scattering media. 

The efficient and misalignment-tolerant end-fire coupling between optical fibers and large-

dimension waveguides on the chip, as demonstrated in Chapter 5, also provides a means of 

efficient coupling from optical fibers if they are used as an endoscopy collection method. 

Spectral filtering components, such as those based on arrayed waveguide gratings (AWGs), have 

been proven essential to biosensing applications [218, 220, 223]. The vertical integration 

approach in this thesis offers the prospect of producing a fully integrated optical biosensor at a 

low cost. 
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