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Abstract 
 

In recent years, Silicon Photonics has emerged as a promising technology for cost-effective 
fabrication of photonic components and integrated circuits, the application of which is recently 
expanding in technological fields beyond tele- and data-communications, such as sensing and 
biophotonics.  Compact, energy-efficient laser sources with precise wavelength control are 
crucial for the aforementioned applications. However, practical, efficient, electrically-pumped 
lasers on Silicon or other group IV elements are still absent, owing to the indirect bandgap of 
those materials. Consequently, the integration of III-V compounds on Silicon currently appears 
to be the most viable route to the realization of such lasers. 

 In this thesis, I present and explore the potential of an External Cavity (EC) hybrid 
III-V/Silicon laser design, comprising a III-V-based Reflective Semiconductor Optical Amplifier 
(RSOA) and a Silicon reflector chip, based on a two-dimensional Photonic Crystal (PhC) cavity 
vertically coupled to a low-refractive-index dielectric waveguide. The vertically coupled system 
functions as a wavelength-selective reflector, determining the lasing wavelength. Based on this 
architecture mW-level continuous-wave (CW) lasing at room temperature was shown both in a 
fiber-based long cavity scheme and die-based short cavity scheme, with SMSR of > 25 dB and 
> 40 dB, respectively. 

 Furthermore, by electrically modulating the refractive index of the PhC cavity in the 
reflector chip, tuning of the emitted wavelength was achieved in the die-based short cavity EC 
laser configuration. In this way, I demonstrated the suitability of the examined EC configuration 
for direct frequency modulation. The proposed scheme eliminates the need for wavelength 
matching between the laser source and a resonant modulator, and reveals the potential of 
employing low-power-consumption resonant modulation in practical Silicon Photonics 
applications.  
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Chapter 1 

Light Sources for Optical Interconnects 
 
1.1 Introduction  
 

Access to Information and Communications Technology (ICT) platforms by anyone, anywhere 
and at any time is becoming of increasingly high importance [1]. This demand reveals a distinct 
characteristic of our society: its reliance on a perpetual transfer of knowledge and information. 
An inevitable consequence of this fact, in combination with the advancement of technology, has 
been the expansion of the Internet and its infrastructure (with more than 3.5 billion estimated 
Internet users in March 2017 [2]), and the development of distributed computing applications. 
This inexorable  bandwidth (visualized in Fig. 1.1) has recently been reflected upon 
the establishment of a new generation of network services, known as cloud services. Cloud 
services are made available to users through cloud computing servers, and therefore are based on 
the concentration of data storage and computational power in data centers. Data centers are huge 
facilities housing interconnected computer systems and associated components, which are in 
turn responsible for the distribution of data to the end-users. In such architectures, fast 
processing speeds and low latency are crucial: according to Google, for example, an additional 
latency of 0.5 sec when loading a search result page causes a 20% decrease in search traffic [3]. 
Given the enormous amounts of data that need to be handled, the above restrictions impose 
significant challenges on the ICT and data communication infrastructure, especially in terms of 
power consumption. With current estimates showing that the operation of the Internet amounts 
to ~5% of the global electricity use [4] (and suggestions that the production and use of ICT might  
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Figure 1.1 Projected IPv6 Mobile Data Traffic Forecast by CISCO (column chart with data from Cisco 
Visual Networking Index: Global Mobile Data Traffic Forecast Update, 2016-2012 White Paper [5]). 
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grow to ~20% of the global supply by 2030 [6]) the necessity for faster and more energy efficient 
computer and communication systems is apparent. 

 To date, improvement in the performance of Integrated Circuits (ICs) and 
microprocessors has been achieved by scaling down the size of the transistors that comprise them, 
following the trend predicted by G. Moore in 1965 that the on-chip transistor density would 
double approximately every two years [7]. However, as the number of transistors per unit area of 
circuit board increases, so does the complexity and packaging density of the interconnect systems 
(i.e. the network of metal wires that transport data and synchronization information on and to 
the chip). A typical microprocessor chip today contains over 10 km of metal tracks in a three-
dimensional interconnect network spread over multiple separate layers [3]. The bandwidth of an 
electrical wire is proportional to its cross-section and inversely proportional to the square of its 
length [8]. As more and more transistors are packed into a given area on a chip, the 
interconnections become progressively longer and more complicated, a situation that leads to the 
appearance of several problems, such as increased parasitic capacitance (and consequently power 
consumption [9]), higher cross-talk noise [10], and eventually higher signal propagation delay. 
The intra-/inter-chip communication delay, known a  [10], has 
become considerably high (comparable to the computation delay), leading electrical 
interconnects to hit a wall in terms of high-speed, energy efficient performance. The enforced 
shift towards multicore chips and parallel operation, aiming to maintain the processor power 
dissipation below a certain ceiling/threshold, further aggravates the problem, as it increases the 
required link length and imposes additional restraints on the supported bitrate/available 
bandwidth [11]. Numerous approaches have been suggested to overcome the delay, power and 
bandwidth limitations of traditional electrical interconnects, mostly related to the alteration of 
the physical means of the links (e.g. superconducting wires, graphene nanoribbons, optical 
waveguides etc [12]). The project described in this thesis explores the alternative solution of 
optical interconnects.  

 With the initial demonstrations of optical transmission taking place in 
the first fiber-optics-based system for live telephone traffic established in 1977 in Chicago [13], 
optical communications nowadays dominate the backbone and backhaul networks of the 
telecommunication systems. However, the employment of optics as an alternative physical 
approach for short-range networks (datacommunication and interconnects) was not proposed 
until 1984, when J. W. Goodman [14], [15] suggested using photons instead of electrons as 
carriers of information in order to hammer away most  if not all  the issues encountered by 
electrical interconnects [16]. More specifically, as photons are electrically neutral and massless 
particles, they can propagate in transparent media (i.e. with no electrical resistance or capacitance 

 the RC time constant and ohmic losses are not an issue) with low heat and power dissipation, 
and little cross-talk [10]. Furthermore, the high frequencies of optical carrier waves (1014 Hz) 
enable the transmission of multiple optical signals over the same channel by assigning a different 
wavelength to each signal, a technology known as Wavelength Division Multiplexing (WDM), 
which is not possible in electronic systems. As a result, the total information capacity of each 
optical channel increases beyond the modulation bandwidth of each constituent signal, rendering 
the Nyquist limit (rather than the RC constant) the bandwidth limit for optical interconnects. 
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 However, substituting electrical interconnects with optical equivalents is an endeavour 
that involves formidable cost and practical challenges. In this scenario, the factors that need to be 
primarily considered are the fabrication and packaging cost, the ease of integration with the 
existing infrastructure and the power consumption of the optical interconnects [11], [17]. Silicon 
Photonics has emerged as an appealing solution, aiming to tackle the aforementioned challenges 
by providing a common platform for both electronics and optics [18]. As Silicon is the basic 
material used by the electronics industry, the use of Silicon for optical interconnects offers the 
potential for integration with the existing electronic circuitry. Additionally, Silicon Photonics can 
take advantage of the mature CMOS process technology of materials with well-known properties, 
to deliver low-cost, high-performance optical components and Photonic Integrated Circuits 

 

 The Silicon Photonics research was initiated in the mid-
Bennett and Lorenzo [19], [20]. Ever since, many keystone interconnect components that can be 
employed in real-life applications have been demonstrated on Silicon:  extremely low-loss 
waveguides [21], [22], (de)multiplexers [23], ultra-fast modulators [24] and high-bandwidth 
photodetectors [25]. One of the major research axes of the field has always been the achievement 
of as low power consumption as possible, in order to comply with the projected performance 
requirements (indicatively, the International Technology Roadmap for Semiconductors forecasts 
the need for an individual device energy consumption of > 20 fJ/bit for intra-chip communication 
and >10 fJ/bit for on-chip interconnects, by 2022 [12]). As the nodes with the highest power 
consumption in an optical interconnect are the light source and the modulator [26], serious effort 
has been put in the implementation of compact, energy-efficient active optical devices on Silicon. 
A significant boost towards that direction was the demonstration of optical components based 
on micro-photonic resonators, such as ring resonators or photonic crystal cavities. Owing to their 
ability to strongly confine light spatially and temporally, optical resonators not only offer reduced 
footprint that makes them appropriate for chip-scale integration, but also exhibit ultra-low 
switching energies, proving excellent candidates for low-power consumption (sub-pJ/bit) 
modulation [27], [28], [29], [30]. Even though matching the emitted wavelength of a laser source 
to the resonances of an optical modulator of this type requires additional complexity and control 
electronics that have so far hindered their wide deployment in practical applications, their 
wavelength-selective and energy-efficient nature renders them particularly suitable for WDM 
systems, and therefore key to satisfying the requirements of future interconnect systems [31]. 

Energy

kValence Band

Conduction band

Indirect 
Band Gap

 
Figure 1.2 (simplified). 
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 However, despite the fact that the Silicon Photonics technology is constantly refined to 
meet the evolving application requirements, there still exist fundamental constraints that impede 
its progress in optical interconnect systems. A most prominent example is the inferior light 
emission  spontaneous or stimulated  from Silicon, stemming from the indirect band gap of 
Group IV semiconductors (Fig. 1.2).  As a result, the most essential building block of an optical 
communication system is still absent from the Silicon Photonics toolkit.  

Driven by the above goals, in this thesis, I demonstrate an External Cavity (EC) hybrid 
III-V/Silicon laser design, utilizing a Photonic Crystal cavity-based resonant reflector, with 
performance characteristics that align with the requirements of datacommunication networks. 

 

1.2 Laser Sources for Optical Interconnects: The State of the Art  
 

Based on the discussion of Section 1.1, it is apparent that there are three Figures of Merit (FoM) 
that drive the development of optical transceivers for intra-datacenter transmission links and 
high performance computational systems [26]: 

 Gbps/mm3 and Gbps/mm2 (expressing the bandwidth per unit volume and surface of optical 
circuitry) 

 J/bit (quantifying the energy consumption of the links) 
 $/Gbps (expressing the transceiver cost per Gbps of transmitted information). 

The power consumption (and consequently the cost) in the above scenarios is roughly 
proportional to the frequency/speed of modulation of an optical carrier. As a result, optical 
systems that support multiple wavelengths are preferable from an energy point of view. WDM 
allows sending multiple optical frequencies over the same medium, offering the scalability (in the 
number of communication channels per physical connection) and the inherent parallelism 
needed for chip-scale and on-chip interconnections.  

 The nature of wavelength multiplexing systems [16], [32] along with the operating 
environment and cost structure of datacentres [26], impose rather strict requirements that the 
optical source candidates for Silicon optical interconnects should satisfy [33]: emission at around 
1.3 or 1.55 m for direct connectivity with fiber optical networks, electrically pumped lasing for 
high integration density, high wall-plug efficiency and low energy cost for data transmission, and 
integratability on  Silicon with CMOS-compatible fabrication processes for low-cost, large-scale 
manufacturing. Additionally, the light sources for Silicon WDM datacommunication networks 
should exhibit narrow linewidths and precise wavelength registration/stability over a wide 
temperature range to facilitate tighter channel spacing (and consequently larger aggregate 
bandwidth at a given frequency band). 

 Given the above described situation, it is apparent that an electrically pumped laser 
monolithically fabricated directly on Silicon or any other Group IV element would greatly 
simplify and accelerate the employment of Silicon Photonics in practical interconnect systems. 
However, as previously explained, the indirect band gap of Group IV semiconductors 
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significantly limits their emission efficiency, considerably impeding the development of an 
on-chip light source on them. Aiming at improving the radiative properties of those materials, a 
few promising options have been extensively researched in the recent past. More specifically, 
solutions based on ultra-thin Silicon p-n junctions [34], porous Silicon [35], and extremely pure 
bulk Silicon [36] have been proposed to achieve electroluminescence from Silicon. Other 
solutions involve the engineering of the band structure of Silicon [10], strain induced by 
implantation [37], Raman scattering [38] or rely on quantum confinement effects in Silicon 
nanocrystals [39], while an alternative solution involves the Erbium (Er) doping of Group IV 
material systems for optical gain and luminescence [40], [41], [42]. Finally, an approach that has 
drawn significant attention is the use of strained Germanium (Ge) [43] or Ge alloys (e.g. GeSn) 
on Silicon for lasing [44], [45]. Be that as it may, all the devices based on the aforementioned 
solutions are at a preliminary stage and their performance is still far from the standards set by the 
Silicon Photonics industry. As a result, their employment in real-life interconnect applications in 
the immediate future appears to be a rather ambitious concept/outlook.  

 With the demand for higher bandwidth in optical interconnects being ever-growing, the 
need for an energy-efficient, electrically pumped laser solution that would be integratable with 
Silicon Photonics PICs appears imperative. III-V compound semiconductors have been 
traditionally used for highly efficient, electrically injected lasers, owing to their direct bandgap 
and high material gain. Integrating the III-V functionality on the Silicon Photonics platform 
therefore, currently appears to be the most viable and practical route to high-efficiency sources 
for chip-scale applications [33], [46]. This task, however, is particularly challenging due to the 
significant lattice constant and thermal expansion coefficient mismatch between Silicon and 
III-V semiconductors. This mismatch is responsible for a high defect density (e.g. threading or 
misfit dislocation on the interface) and consequently high power losses, hindering in this way the 
direct growth of III-V materials on Silicon.  

 In order to tackle this problem, one of the early suggested solutions was the use of 
III-V-based Vertical Cavity Surface Emitting Lasers (VCSELs) as light sources. VCSELs attracted 
considerable attention as they exhibit low threshold currents and high output powers (in the 
order of multiple milliwatts) [47], while their structure allows high coupling efficiency with 
optical fibers [26]. This is manifested by the fact that most modern transmitters (even 
commercially available transceivers [48], [49]) for board-to-board links utilize VCSELs. However, 
VCSELs typically emit at multiple transverse modes [47], and thus can only be employed in 
Multi-Mode Fiber (MMF) or waveguide systems that do not support WDM. As optical 
interconnects penetrate the lower layers of datacenters (i.e. on- and intra-chip connections), the 
projected bandwidth and power consumption requirements dictate the use of WDM. With the 
current VCSEL-based transceivers suffering from limited performance and cost that exceeds the 
capacity of investors [26], solutions based on single-mode links (fibers/waveguides) and sources 
are necessary [50], [51]. To address this situation, a number of approaches of III-V integration 
on Silicon planar optical circuits for single-mode lasing have been proposed, explored and used 
depending on the targeted application. These integration strategies are presented and briefly 
discussed in the section below. 
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1.2.1 Direct Mounting 
 

One of the easiest and most straightforward ways to achieve (single-mode) laser integration with 
a Silicon chip is by packaging the chip and a pre-fabricated III-V laser in the same module. This 
method (referred to as direct mounting) is defined by the direct mounting of individual laser 
diode dies on a Silicon or Silicon-on-Insulator (SOI) wafer by means of solder bumps [52], and 
is broadly used in components for long-haul systems today (where III-V lasers are packaged 
together with e.g. LiNbO3 modulators). This approach allows the testing of the devices prior to 
integration and the independent development and optimization of the two components for 
optimal performance and high yield. In this way, it is possible to maintain the superior 
characteristics of the III-V laser chip (e.g. high wall-plug efficiency of ~20% [33]), as well as good 
thermal dissipation. 

 The main issue with this option is the requirement for submicron precision alignment 
for efficient coupling of light from the III-V component to the on-chip waveguide, which is time 
consuming, increases the assembly cost, and often results in degraded performance due to 
coupling losses. Moreover, the optical feedback from the interface between the two components 
(and in general from any coupling point) is detrimental to the performance of the laser, dictating 
the need for more complicated packaging approaches (e.g. using micro-optics and optical 
isolators, as suggested by Luxtera and Tyndall [53, 54]). All the above, in combination with the 
size of the solder bumps, limit the integration density and the scalability of this approach, and 
thus make it less attractive for low-cost applications.  

 

1.2.2 Wafer Bonding-Based Heterogeneous Integration 
 

An alternative approach, referred to as wafer bonding-based heterogeneous integration, 
describes the integration of an unpatterned III-V epi-layer on patterned Silicon circuits (wafers 
or chips) via a number of different bonding techniques. In this scheme, the light generated in the 
III-V material is typically evanescently coupled into the Silicon circuits. Upon the completion of 
the bonding process, the III-V epi-layer is lithographically patterned and the composite system 
is further processed for the fabrication/definition of the integrated laser. Performing the bonding 
prior to the laser processing offers a significant advantage in terms of bonding accuracy: the 
misalignment is determined by the lithographic error between the Silicon and III-V patterning, 
rather than by the III-V die placement accuracy, rendering this approach superior to direct 
mounting integration.  

 According to how the III-V layer stack is bonded on Silicon, the bonding can done on a 
wafer (wafer-to-wafer) or a die (die-to-wafer) scale. Even though wafer-to-wafer bonding would 
be thought of as a more appropriate approach for mass production, its sensitivity to wafer bowing 
and the large wafer size mismatch between III-V wafers (typically 2 inches) and Silicon/SOI 
wafers (typically 6, 8 or 12 inches) make manufacturing at scale rather difficult. On the other 
hand, with die-to-wafer bonding, dies of expensive III-V materials can be selectively bonded only 
where needed, leading to the increased flexibility and reduced cost of the integration process. As 
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a result, die-to-wafer bonding appears to be favourable for the integration of III-V materials on 
Silicon. Apart from the above classification, the bonding methods can be further divided to direct 
and indirect bonding, based on whether a buffer/bonding/insertion/intermediate layer is used 
between the III-V stack and Silicon.  

Direct bonding is defined by bringing polished, flat and ultra-clean wafers (or dies) into 
direct contact for the formation of strong interfacial Van der Waals bonds. Typical examples 
include molecular bonding using wet chemistry (for hydrophobic or hydrophilic surface 
treatment) and oxygen plasma-assisted low temperature molecular bonding (hydrophilic surface 
treatment) [55, 56]. Another interesting example of direct bonding employs fusion bonding at 
low temperatures (300 oC) to obtain a conductive hetero-interface that allows for vertical carrier 
injection [57]. However, achieving good bonding quality with this method requires ultraclean 
conditions and atom-scale smoothness of the surfaces, resulting in a rather complex fabrication 
process [58], while it typically exhibits a low potential yield and reproducibility. 

Indirect bonding employs metal or polymers like divinylsiloxane-benzocyclobutane 
(DVS-BCB) as adhesive layers and is therefore referred to as metal-assisted and BCB-assisted 
bonding, respectively. Metal-assisted bonding typically requires low bonding temperatures and 
relatively relaxed cleanliness conditions. It allows for effective thermal dissipation and potentially 
a low resistance Ohmic contact at the interface between Silicon and the bonded layers. The main 
issue with this approach is that the bonding metal can cause strong light absorption and potential 
metal contamination. In order to overcome these issues, the removal of the bonding metal from 
the coupling area (Fig. 1.3a) [59] and the use of additional conductive adhesive layers (e.g. 

(a) (b)

(c)
 

Figure 1.3 (a) Illustration of the cross-section of InGaAsP/Silicon hybrid laser based on metal bonding 
with excess material removal (image reproduced from [59], © 2011 IEEE). (b) Schematic representation of 
hybrid InGaAsP/Silicon laser based on metal bonding with ITO conductive adhesive layers (image 
reproduced from [60], © 2012 IEEE). (c) BCB-assisted bonding process for cold bonding (image 
reproduced from [61], © 2012 Optical Society of America). 
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Indium Tin Oxide  ITO, shown in Fig. 1.3b) [60] have been proposed. BCB-assisted bonding is 
defined by the use of a BCB buffer layer between the III-V stack and the Silicon for adhesion 
purposes. BCB exhibits high bond strength, low refractive index and low curing temperature, and 
can compensate for the surface roughness between the two materials, relaxing the bonding 
tolerance compared to molecular bonding [62]. A major issue with this approach is the heat 
dissipation, as BCB exhibits poor thermal conductivity (much more so than SiO2) [63, 64] that 
leads to the self-heating problems and consequently performance degradation of BCB bonded 
hybrid lasers. Furthermore, apart from affecting the optical confinement in both the III-V and 
the Silicon waveguides, the thickness of the BCB buffer layer is of critical importance for the 
coupling between the two parts. Despite the development of techniques for obtaining thin BCB 
layers with good repeatability (e.g. the process described in [61] and shown in Fig. 1.3c), the 
thickness of the adhesive layer cannot be easily reduced below 50 nm (which even though not 
ideal, is adequate for reasonably efficient coupling). 

In spite of the drawbacks each of the aforementioned approaches might have, 
wafer-bonding based heterogeneous integration has attracted significant attention for low-cost, 
high-volume applications due to the high bonding misalignment tolerance that it offers. This fact 
is reflected upon the large number of laser devices based on this method that have been 
demonstrated in the past few years and employ various cavity configurations, such as quantum 
dot (QD) lasers [57], Fabry-Perot lasers [65], distributed feedback (DFB) lasers [59], or lasers 
with wavelength-selective elements like ring resonators [46], microdisks [63], resonant grating 
cavities [66], and 1D photonic crystals [67]. Even though the achieved wall-plug efficiencies are 
lower than those of the prefabricated laser dies used for direct mounting (typically <10%), the 
laser output in this method is launched directly in the Silicon circuit, compensating in this way 
in terms of overall power efficiency in the network.  

 

1.2.3 Direct Hetero-Epitaxial Growth 
 

A third approach for fabricating single mode lasers on Silicon is the direct hetero-epitaxial growth 
of III-V materials on Silicon. Despite of the high fabrication complexity and the fact that the 
thermal dissipation in a directly grown platform is not optimal, this technique is of notable 
interest as it could offer the potential for high integration and real wafer scale processing. 
However, even though the polarity mismatch problem between III-V and Silicon can be solved 
by e.g. growing III-V materials on an offcut Silicon substrate [68], the large difference in the 
thermal expansion coefficients of the two (>50% at 20 oC) [69] can cause threading dislocations 
and remains a significant issue of this approach. Various methods have been proposed to reduce 
the threading dislocations obtained with direct hetero-epitaxial growth, including the use of 
buffer layers (e.g. SiGe or GaSb) between the Silicon and the III-V active layer [33], lateral 
epitaxial overgrowth (ELOG) techniques [70, 71], and the employment of nano-structures  for 
their improved defect-handling properties (especially QDs [72, 73, 74]). In spite of the substantial 
efforts, the density of dislocations in the deposited layers is still adequately high to degrade their 
electro-optical properties and impose a major performance limiting factor for the devices 
following this approach.  
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1.2.4 External Cavity Hybrid Integration 
 

A final approach that has attracted considerable attention is the formation of hybrid III-V/Silicon 
External Cavity (EC) lasers. This method is defined by coupling the output of a Reflective 
Semiconductor Optical Amplifier (RSOA) die to a waveguide of a Silicon circuit that contains a 
reflective device (e.g. a Bragg grating). In this way, a laser cavity is formed between the 
high-reflection (HR) coated facet of the RSOA and the Silicon based reflector. The integration of 
the RSOA die on the Silicon or SOI wafer is done by means of chip bonding [75], like in the case 
of direct mounting. This approach allows the independent design, fabrication and optimization 
of the active and the passive parts, as well as their testing prior to integration, ensuring high yield 
and performance. Additionally, the spatial separation of the two parts enables good heat 
dissipation.  

 Much like for the direct mounting of laser dies, the major problem with this approach is 
that high precision alignment (typically submicron) is required for efficient coupling between the 
III-V component and the on-chip waveguide  an issue typically dealt with through the use of 
spot-size converters (SSC) [75, 76]. The optical feedback from the interface between the RSOA 
die and the Silicon chip is again important for the performance of the devices, but less so than for 
directly mounted laser dies, as here this interface is part of the laser cavity and typically 
anti-reflection (AR) coated. Even though the wall-plug efficiencies achieved with this approach 
are typically lower than for pre-fabricated lasers (typically ~10-13% [77]), the laser output is 
launched directly in the waveguide on the Silicon chip, resulting in equivalent amounts of total 
power guided through the considered network. Finally, the EC approach can offer laser devices 
with superior performance compared to heterogeneously integrated ones, both in terms of 
thermal conductivity and in terms of wall-plug efficiency [33]. The reason for the latter is that 
the optical mode in heterogeneously integrated devices experiences the gain material only 
evanescently, leading to lower modal gain, while their performance can be further degraded by 
existence of the bonding layer (through surface roughness, contaminations or losses due to 
absorption). For the aforementioned reasons, the hybrid EC laser approach currently appears as 
an appealing/prominent compromise between direct laser mounting and heterogeneous 
integration. Up to now, hybrid EC devices that use Bragg gratings [75, 78, 79], ring resonators 
[80, 81], and Sagnac interferometers [82] as Silicon reflectors have been demonstrated based on 
this technique. 

 Even though telecommunications and interconnects have until now been the clear 
drivers for the integration of III-V materials with Silicon in the pursuit of higher bandwidth and 
low-power operation [11], the demonstration of energy-efficient laser devices through the 
plethora of integration options presented above has the potential to make an impact on other 
fields. More specifically, apart from the (data)communication links, fields like sensing, medical 
diagnostics, compact instrumentation, spectroscopy and biomedical applications, or even high 
accuracy metrology can benefit from photonic integration technologies [46].  
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1.3 Aim of the Thesis 
 

This aim of the project described in this thesis is to introduce and explore the potential of an 
alternative hybrid III-V/Silicon laser design. The examined architecture proposes the formation 
of an External Cavity (EC) laser that utilizes a III-V RSOA and a Silicon Photonic reflector chip, 
based on a Photonic Crystal (PhC) cavity vertically coupled to a low-refractive-index bus 
waveguide [83] (schematic representation given in Fig. 1.4). The coupled cavity-waveguide 
system can act as a reflector g therefore wavelength-selective 
feedback to the laser cavity (resonant feedback). By appropriately designing the waveguide and 
the PhC cavity, the reflectivity of the coupled system can be controlled and in this way the 
characteristics of the laser can be defined. 

SOI

bus waveguide

SiO2

pn junction

RSOA

PhC cavity  
Figure 1.4 Schematic illustration of an External Cavity (EC) laser comprising a III-V RSOA and a Silicon 
Photonic reflector based on a bus waveguide vertically coupled to a PhC cavity with a pn junction (shown 
in green and red). 

While the hybrid EC configuration was chosen in this project for the reasons and 
advantages described in Section 1.2.4, Silicon PhC cavities can be equally employable as resonant 
reflectors in any of the aforementioned integration schemes. The rationale for the choice of a 
vertically coupled PhC cavity-bus waveguide system as a Silicon-based reflector is manifold. To 
begin with, the low refractive index of the bus waveguide allows for larger waveguide 
cross-sections (i.e. larger modal areas), as well as for lower reflectivity at the interface with air, in 
comparison to the case of Silicon waveguides. As a result, adequately low direct butt-coupling 
losses can be observed (<3 dB/facet) to both III-V RSOA waveguides and optical fibers, 
eliminating the need for use of spot-size converters (SSC) or other equivalent structures, and thus 
simplifying the fabrication process. Furthermore, lower propagation losses can be obtained than 
for Silicon waveguides, a fact that is of interest given that the laser output is directly launched in 
the bus waveguide. 

 The concept of using grating cavity resonant mirrors for III-V/Silicon lasers has been 
previously introduced in [66]. The use of Photonic Crystal cavities though is particularly relevant, 
as apart from exhibiting narrow resonance linewidths and highly precise wavelength control, they 
combine ultra-small size with large Free Spectral Range (FSR), allowing for the higher integration 
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density and the tighter frequency channel spacing desired in WDM interconnects. Most 
importantly however, owing to their ultimate Q-factor/Volume ratio [84], PhC cavities can 
exhibit low capacitances (~10-18 F) and thus very low switching energies [29, 85]. As the emitted 
wavelength in the examined laser configuration is determined by the resonant wavelength of the 

via free carrier plasma dispersion can result in tuning/direct (frequency) modulation of the lasing 
wavelength. This method suggests a route to energy-efficient frequency tuning/modulation of the 
proposed laser device, which interestingly enough simultaneously tackles the wavelength 
matching problem between the laser and the resonant modulator (since in this case the 
modulator itself defines the lasing wavelength). Finally, with an outlook at the ultimate goal of 
integrating hybrid sources with other functional devices on Silicon [33], the demonstration of a 
hybrid III-V laser solution exploiting the vertical coupling technique can be combined with 
previous demonstrations of modulators [29] and detectors [86] based on the same concept, to 
pave the way for the development of a single complete platform towards chip-scale optical 
interconnects. The study presented in this thesis focuses primarily on low-power-consumption 
optical WDM datacommunication links. However, an EC laser design with the above described 
characteristics can be of notable interest for applications in numerous other fields, such as 
short-range optical links, sensing (e.g. gas sensing, LIDAR) or biomedical instrumentation 
(e.g. optical coherence tomography (OCT) systems). 

 

1.4 Thesis Content 
 

The content of this thesis is organized in the following way: Chapter 2 presents an overview on 
the theory of photonic band gap and Photonic Crystal structures. Additionally, it gives a 
conceptual explanation of the nature and the functionality of the examined EC laser design. 
Chapter 3 provides a brief description of the different fabrication tools and methods that were 
used for the realization of this project. Chapter 4 discusses a meter-scale long cavity configuration 
of the studied hybrid EC design, using a packaged fiber-pigtailed III-V SOA. Chapter 5 
demonstrates a compact, m-scale, short cavity configuration of the studied hybrid EC design, 
comprising a RSOA die. Further to its functionality, its suitability for integration via chip bonding 
and its behaviour as a function of temperature are explored. Chapter 6 discusses the potential of 
the compact EC configuration presented in Chapter 5 for direct frequency modulation and 
presents some possible future research goals. Finally, Chapter 7 gives an overview of the thesis 
and concludes by summarizing the most important findings.  
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Chapter 2 

Background 
 
2.1 Introduction 
 

With Silicon Wavelength Division Multiplexing (WDM) systems recognized as a prominent 
solution for next generation intra- and inter-chip optical interconnects, increasing attention is 
being paid to studying the architecture and design considerations for on-chip WDM transceivers. 
As high integration density, low energy consumption and low cost are key features of such 
systems and scale with device size, the miniaturization of optical components has attracted 
considerable scientific interest. As a result, growing interest can be observed in resonant devices 
(e.g. optical filters [1, 2] , modulators [3, 4, 5] , detectors [6, 7] , routers [8]), for which the size 
reduction is achieved by increasing the light matter interaction through resonances.  

 One of the main energy consuming blocks on a WDM transmitter is the laser source. 
From the large variety of laser solutions for WDM applications, significant attention has been 
attracted by External Cavity (EC) lasers, formed by using a Reflective Semiconductor Optical 
Amplifier (RSOA) and an external Si-based reflector (on the Si WDM transmitter). Up to now, 
devices that use Bragg gratings [9, 10, 11] , ring resonators [12, 13] , and Sagnac 
interferometers [14] as Si reflectors have been demonstrated in this platform. This chapter 
introduces an External Cavity (EC) laser design that employs a low refractive index waveguide 
vertically coupled to a Silicon Photonic Crystal (PhC) cavity as an external reflector. In this 
chapter, I will initially give an overview on some fundamental concepts regarding Photonic 
Crystals and Photonic Crystals cavities. I will then introduce the vertically coupled 
waveguide-PhC cavity system and explain how it can be used as a resonant reflector. Finally, I 
will briefly present the fundamentals of external cavity lasers, and describe the formation and rate 
equations of the EC laser configuration comprising the aforementioned PhC cavity-based 
reflector. 

 

2.2 Photonic Crystals 
 

Photonic Crystals (PhC) are artificial periodic structures of dielectric materials that have on 
photons effects akin to the ones that the periodic energy potential of crystalline semiconductor 
materials has on electrons (i.e. the formation of allowed and forbidden energy bands). Although 
the propagation of light in periodic multilayer structures has long been a topic of scientific 
study [15], the field of photonic crystals was not founded until 1987, when E. Yablonovitch [16] 
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and J. Sajeev [17] used solid-state physics vocabulary to suggest the inhibition of photon 
propagation in periodic dielectric lattices, 

[18] analogous to the electronic band gap in semiconductors. Based on the 
number of dimensions that the periodicity of the dielectric constant extents to  2D or 3D  the 
photonic band gap can be in plane [19] or in volume [20]. Photonic band gaps arise from the fact 
that the wave-vectors for particular wavelengths can be complex in a photonic crystal, inhibiting 
the propagation of light at those wavelengths in the PhC lattice. 

 

2.2.1 Photonic Band gap in a 1D Photonic Crystal 
  

The origin of the photonic band gap can be qualitatively understood by considering the simple 
case of a medium with one-dimensional periodicity. A 1D periodic medium can be thought of as 
a homogenous in the xy plane multilayer film, in which the dielectric function varies in the z-axis 
according to (z) = (z+ )  with  the period and  -1, 0, 1, 2,... an integer  as shown 
in Fig. 2.1a. For this analysis1 we shall consider an electromagnetic (EM) wave that propagates 
in the direction of the periodicity of the medium (i.e. in the z-axis). In this case, the only non-
zero wave vector component is ⃗ , which will be abbreviated as ⃗ for simplicity.  

 As in every periodic medium, the modes in a multilayer film can be described according 
to the Bloch theorem [22] in the form of Bloch waves ( ) = ( ).     (2.1) ( ) is a periodic (envelope) function with the same periodicity as the considered periodic 
medium, which can be written in Fourier series as ( ) = ∑ .    (2.2) 

In our case,  ( ) =   ( + ) with  an integer as above, which suggests that the lattice vector 
is G = 2 // . If we then substitute k with k+2 //  in Eq. 2.1, the latter becomes  

/ ( ) = / /  ( )    (2.3) 

It is apparent that the term in the parenthesis is periodic, a fact that shows that k is also a periodic 
function with period 2 / , for which //  (m -1, 0, 1, 2,... an integer). 

 For a homogeneous dielectric medium with constant , to which an arbitrary artificial 
periodicity with period  is assigned, the dispersion relation is simply (k) = ck/√ , as depicted 
in Fig. 2.1b. The assumed periodicity implies that the dispersion relation will repeat itself at 

 = k+2m // , as shown by the dashed lines, leading to the crossing of the dispersion curves at 
k = ±m // . The aforementioned fact is simply the graphic representation of the existence in the 
periodic medium of two modes with frequency  = cc // , that can be expressed as  ± /  or 
alternatively in the linear combinations f(z) = cos(( z// ) and g(z) = sin(( z// ) (Fig. 2.1a). Due to  

                                                           
1 The analysis presented here is based on [21] . 



23 
 

   

cos( zz )

sin( zz )

1 2

z
y

x

 

  

k
0-2 2  

   
Figure 2.1 (a) Medium with one-dimensional periodicity in the z-direction. The high dielectric constant 
regions ( 1) are shown in blue and the low ones ( 2) are shown in green. The distribution of the two possible 
modes at k = ± //  is depicted by the black curves. The mode with lower frequency low tends to concentrate 
its energy in the high  regions, while the one with higher frequency high concentrates its energy in the low 
 regions. (b) Dispersion relation ( -k) for propagation in the z-direction of a homogenous medium (solid 

lines). The assumed arbitrary periodicity leads to the periodic repetition of the dispersion curves at 
k+2m //  (dashed lines). (c) Band diagram (dispersion relation) for propagation in the z-direction of a z-
periodic medium. A photonic band gap (frequency region marked in yellow) arises due to the appearance 
of two modes with different frequencies ( high and low) at the same k = ±m // . The dashed red lines 
indicate the irreducible Brillouin zone. 

the homogeneity of the medium (in terms of dielectric constant ), the two modes have the exact 
 

In a multilayer medium with periodicity a, in which the dielectric constant is actually 
perturbed according to (z)  = 1+ cos(2 z/a), the two modes described above 
anymore. More specifically, the same structure can in this case accommodate light of two 
different frequencies at the same k-vector, which simply means that there are two frequencies  

high and low, with high > low  that correspond to the two modes. However, there are only two 

0-
k

(a) 

(b) 

(c) 
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possible ways that the modes can be placed in the medium, due to the translational symmetry 
that is imposed by the periodicity: as Fig. 2.1a shows, the extrema of the modes can be located in 
either the low-  or in the high-  regions. In other words, one of the two types of modes (typically 
the one with low frequency low) tends to concentrate its energy in the high index material, while 
the other (with frequency lhigh) concentrates its energy in the low index material. As a result, 
there is a finite frequency range for which there is no allowed energy distribution (i.e. kz has a 
non-zero imaginary part  there are no supported propagating modes) in the multilayer medium 
(Fig. 2.1c). The described behaviour is mathematically related to the solution of Schrö
equation in a periodic potential2, thus the forbidden-frequency zone is known as the photonic 
band gap3. Effectively, 1D periodic media function as reflectors for the frequencies inside the 
banb gap (and are also known as Bragg reflectors, due to the dependence of their reflective 
properties to the Bragg effect). The of the photonic band gap increases with the dielectric 
constant/refractive index contrast  between the (two) materials of the multilayer medium.  

The dispersion relation of photonic crystal structures is commonly referred to as the 
band diagram or the band structure and is the most important tool for their description. The 
band structure describes crystals in k-space (which is the spatial Fourier transform of the 
considered real space crystalline topology), as that makes the classification of the properties of 
crystals easier. In a band diagram the region k = ± //   also known as the first Brillouin zone 

 can be identified to be replicated periodically with period k = 2 // . As k repeats itself outside 
the Brillouin zone, the higher order replications of the dispersion curve (observed at k = ±m // ) 
can be thought of as the curve of the first zone being folded back into the zone when it reaches 

4. Additionally, as the curves have mirror symmetry about k = 0, the first Brillouin 
zone can be further reduced to the region 0 < k < // , known as the irreducible Brillouin zone 
(indicated in Fig. 2.1c). It is apparent therefore, that for the study of any reciprocal periodic 
medium it is sufficient to consider only the irreducible Brillouin zone.  

 

2.2.2 Two-Dimensional Photonic Crystals 
 

Further to 1D Photonic Crystals (PhC), another type of periodic structure that can be commonly 
found in planar integrated photonic circuits are two-dimensional Photonic Crystals lattices. The 

-
periodicity in the xy-plane is assumed) and homogeneous along its third axis (here, the z-axis). 
The response of a 2D photonic crystal to an optical field varies depending on how the field is 

 Fields in a 2D 
PhC, can be identified as: Transverse Magnetic (TM), for which the electric field is normal to the 
plane of periodicity, and Transverse Electric (TE), for which the electric field lies on the plane of 
periodicity.  

                                                           
2 Which leads to the existence of the band gaps in crystalline semiconductors. 
3 Due to this analogy, such periodic structures are also called photonic crystals.  
4  
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Figure 2.2 Band structure of a two-dimensional triangular lattice of air holes (  = 1) of radius r = 0.28  on 
a membrane Silicon slab (  = 12.11) of thickness 0.5a. TE modes are shown in blue and TM modes are 
shown in red. The inset shows the unit cell of the photonic crystal lattice (white corresponds to the air holes 
and green to Silicon), along with its reciprocal space unit cell (a hexagon rotated by 30o with respect to the 
photonic crystal unit cell). The band structure was calculated for the wave-vectors within the irreducible 
Brillouin zone, formed by the central point  of the Brillouin zone, and the two high-symmetry points M 
and K (marked in blue). A photonic band gap exists only for the TE modes and is marked in yellow. 

lattice differently, the response of the system will be different in each case. In order to better 
understand that, the band diagram of a triangular lattice for both TE and TM polarizations is 
shown in Fig. 2.2. The structure under consideration is a 2D triangular lattice of air holes of 
radius r = 0.28 , in a Silicon (n = 3.48) membrane slab with thickness 0.5 , with  the period of 
the lattice. It can be seen that a complete photonic band gap is achieved only for the TE 
polarization (blue curves) in the frequency range 0.255 < //  < 0.301, while there is no band gap 
for the TM polarization. That is due to the fact that the oscillating optical field in each 
polarization case experiences the perturbation of the dielectric constant of the medium 
differently. 

As the band diagram describes the crystal in k-space, the Brillouin zone is the spatial 
Fourier transform of the unit cell of the considered lattice. In this case, due to the six-fold 
symmetry for the triangular lattice, the (hexagonal) Brillouin zone is also six-fold symmetric, with 
two high-symmetry points that repeat six times. These two points, typically referred to as K and 
M, together with the centre of the Brillouin zone -point, define the irreducible Brillouin zone 
(marked with blue in Fig. 2.2). Here the band structure has been calculated only for the wave-
vectors that lie inside the irreducible Brillouin zone, i.e. in the - - - region, as it has been 
explained that that is sufficient for the study of the band diagram of a photonic crystal.  

It can be noticed that the lattice vector G, which  as seen in Section 2.2.1  is given by 
G = 2 // , has a different length in different directions ( - -M and the directions in between). 
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For the case of the triangular lattice considered as an example here, G = 2 /√3  in the -M 
direction and G = 4 /3  in the -K direction. That simply means that a 2D lattice has different 
periodicity in different directions. It is therefore important to consider the vectorial nature of k, 
as the angle of incidence and propagation of light in a 2D photonic crystal affects the periodicity 
that it experiences. Analogously, a 2D photonic crystal can be thought of as an omnidirectional 
superposition of 1D photonic crystals (i.e. Bragg reflectors) with a given periodicity. Under that 
consideration, it is understandable that crystal lattice configurations with as many symmetry axes 
as possible are desirable for homogeneous omnidirectional reflectivity (i.e. homogenous response 
for every k). As an indicative example, it can be mentioned that the triangular lattice 
configuration is considered superior to and is preferred over the square lattice one for 
two-dimensional photonic crystals, as its hexagonal reciprocal unit cell has a higher rotation 
symmetry than the square reciprocal unit cell of the square lattice. 

 

2.3 Photonic Crystal Cavities 
 

The understanding of the analogy between photonic crystals and crystalline materials led to the 
study and observation of many interesting phenomena. One of the most significant observations 
was the possibility of the existence of localized modes inside the band gap of a photonic crystal 
lattice [23], [24]: a defect in the lattice structure of a crystalline material can lead to the exhibition 
of new energy states inside the electronic band gap. Analogously, a perturbation of one or more 
sites of the lattice of a photonic crystal can result in the appearance of a single localized mode or 
a set of closely spaced modes with frequency inside the photonic band gap. These modes are 

perturbation lies physically.  

The above described system can be conceptually thought of as a resonator: the 
propagation of light in the rest of the photonic crystal is forbidden as the boundaries of the defect 
act as Bragg reflectors in the direction of propagation 5 . Therefore, light at the considered 
(resonant) frequency oscillates inside the defect and only decays exponentially out of it (in the 
photonic crystal lattice)  it is apparent that the defect acts effectively as an optical cavity.  
Fig. 2.3a shows a photonic crystal cavity formed by removing the central rod of an ideal 2D 
square lattice of Silicon rods in air. The appearance of a localized mode (represented by the green 
line) with frequency inside the photonic band gap for the TM polarization6 can be seen in the 
band diagram of Fig. 2.3b. This is a convenient way of visually depicting the fact that the optical 
mode is confined in a photonic crystal cavity as a result of the omnidirectional photonic band 
gap (i.e. Bragg reflection) that it experiences about the perturbed sites.  

 

                                                           
5 Since it was assumed that the frequency of the considered mode lies inside the band gap of the photonic 
crystal.  
6 The structure under consideration exhibits a complete photonic bandgap for the TM polarization as the 
lattice sites are formed by high-index material on low-
examined in Section 2.2.2. 
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Figure 2.3 (a) Point defect photonic crystal cavity formed by removing the central site of an ideal square 
lattice of Silicon rods (  = 12.11) in air (  = 1). (b) Localized mode (green line) with frequency in the TM 
photonic band gap due to the perturbation of the photonic crystal lattice. 

As for any optical cavity, there are two fundamental features that are necessary for the 
characterization of photonic crystal cavities: the volume of the mode V and the quality factor. 
The modal volume describes the spatial extent and the energy density of an optical mode inside 
a cavity. The quality factor (typically referred to as the Q-factor) is defined as the ratio of the 
energy stored in the cavity to the energy lost per optical cycle7 and expresses quantitatively how 
strongly a mode is confined inside a cavity. Optical cavities with high Q-factor and small modal 
volume are a typical tool for achieving enhanced light-matter interaction. Owing to the exhibition 
of the photonic band gap  that is equivalent to very high frequency-dependent reflectivity  
photonic crystal cavities can exhibit extremely small mode volumes (on the order of a cubic 
wavelength) with very high quality factors. For example, by removing a single site of an ideal 
photonic crystal lattice (corresponding to a band gap-wavelength sized modal volume), a cavity 
is formed with theoretically infinite quality factor. 

For two-dimensional photonic crystal cavities in reality, where the lattice does not extend 
infinitely out of the plane (of periodicity), vertical confinement is achieved via total internal 
reflection. For example, in the case of a PhC cavity on a 2D slab (xy-plane) that is suspended in a 
medium with refractive index nsus, the confinement of the cavity mode is only possible if the 
vertical component of its wave-vector ( ⃗ ) is imaginary (lossy) out of the slab. According to 

as >   ⇔ + >        (2.4) 

Similar - 8 (Fig. 2.4a) that represents schematically the total internal reflection 
condition for simple waveguides, the schematic representation of the condition of Eq. 2.4 in two 

                                                           
7 Typically the quality factor of a cavity Q is related to the energy decay rate of the cavity  through 
Q = 0/2 , where 0 is the frequency of the cavity mode (i.e. a resonance frequency of the cavity). 
8 - /k = c0/nmat) in a material with refractive index nmat. 
It is a useful tool to distinguish between guided and non-guided modes in dielectric slab waveguides, where 
the light-lines of the core and the cladding materials can divide the dispersion diagram into a region of 
discrete guided modes, a region of a non-guided mode continuum, and a forbidden region with no 
propagating modes. 

(a) (b) 
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- /k = c0/nsus), which for a given 
frequency 0 becomes a circle (Fig. 2.4b and c). Any optical mode -cone (i.e. 
k < nsus /c0) will radiate in the surrounding material. As there is a finite number of wave-vectors 
that can be confined by total internal reflection, energy dissipation out of the cavity due to vertical 
radiation is unavoidable, even if the cavity modes are perfectly confined in the plane of periodicity 
(via the photonic band gap). Consequently, in practical 2D photonic crystal cavity cases, the 
vertical energy decay should be taken into account for the calculation of the total quality factor 
Q0 of the cavity, which will be given by = ∥ +      (2.5) 

with ∥ and  being the quality factors related to the in- and out-of-plane energy decay of 
the cavity, respectively. 

k

nsus=1

nsus>1

kx

nsus>1

ky

0

kx

ky

(a) (b) (c)  
Figure 2.4 (a) Light-line for nsus = 1 (black) and nsus > 1 (red). (b) and (c) Light-cone for nsus > 1 that for a 
given frequency 0 becomes a circle (shown in green). 

The high spatial confinement in photonic crystal cavities is equivalent to broad spatial 
frequency distribution in the Fourier/k-space (as a property of the spatial Fourier transform 
through which the two are related). That means that the PhC cavity modes consist of a large 
number of plane-wave components. According to the above discussion, this translates to high 
out-of-plane losses in simple 2D photonic crystal cavities, which in turn lead to a decrease of the 
Q-factor of the system. It is therefore apparent that in order to achieve high quality factors in 
photonic crystal cavities, a reduction of the number of vertically-decaying plane wave 
components, while maintaining high in-plane confinement, is desired.  

In order to understand how this trade-off can be achieved, the simple case of an ideal 
(Fabry-Pérot) dielectric cavity suspended in material with index nsus can be considered. In this 
cavity, light is confined by two perfect mirrors in the x-axis and by index guiding in the y-axis, as 
shown in Fig. 2.5. To study the strength of the confinement in the y-axis, it is adequate to 
consider the spatial Fourier transform of the electric field in the cavity (i.e. its decomposition into 
plane-wave components). Following Eq. 2.4, if the ⃗  component of a plane wave lies inside the 
light-cone (i.e. < nsus /c0 .  
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In general, the Fourier transform of an infinitely long in real space harmonic oscillation 
(sinusoidal) is two impulses at ±f  (the spatial frequency of the oscillation). If the harmonic 
oscillation is of finite extent, its Fourier transform is a convolution of the two individual Fourier 
transforms at ±f. Inside a cavity, the electric field distribution can be described as a product of 
the sinusoidal with frequency equal to the resonant frequency of the cavity, and of an envelope 
function G(x) that is determined by the structure of the cavity. In the above considered cavity, 
the envelope function G(x) is a rectangular function (Fig. 2.5a) and hence the Fourier transform 
F(E) of its electric field distribution is the convolution (schematically a superposition) of two 
cardinal sine (sinc) functions centred at ± nmode2 / 0 (as shown in Fig. 2.5b  nmode is the refractive 
index of the mode in the cavity). It can be seen that even though the peak intensity of F(E) in 
k-space is outside the light-cone (marked in with yellow in Fig. 2.5), there still are some 
components with non-negligible intensity that lie inside the leaky region (Fig. 2.5b).  That is due 
to the abrupt change in the envelope function G(x) that occurs at the edges of the cavity. 

Based on the above discussion, it is understandable that an envelope function G(x) with 
a less-abrupt profile at the edges of the cavity can lead to a reduction of the intensity inside the 
light-cone (i.e. to limit vertical radiation). If e.g. a Gaussian G(x) is assumed for the considered 
cavity (Fig. 2.5c), the spatial Fourier transform F(E) of the electric field distribution in the cavity 
will be given by the convolution of two Gaussian functions centred at ± nmode2 / 0 (Fig. 2.5d). It 
is obvious that this alteration has a drastic effect on the intensity distribution in the light-cone, 
which suggests an increase of the quality factor of the cavity without changes in its modal volume. 

 
Figure 2.5 (a) Electric field distribution in a cavity with rectangular envelope function G(x) (red dashed 
line). The refractive index of the cavity mode and of the cladding of the cavity are nmode and nsus, respectively.  
(b) Spatial Fourier transform of the field shown in (a). F(E) is given by the convolution of the two sinc 
functions centred at ± nmode2 / 0 (marked by the red arrows). (c) Electric field distribution in a cavity with 
Gaussian envelope function G(x) (red dashed line). The refractive index of the cavity mode and of the 
cladding of the cavity are the same as in (a). (d) Spatial Fourier transform of the field shown in (c). F(E) is 
given by the convolution of the two Gaussian functions centred at ± nmode2 / 0 (marked by the red arrows). 
The yellow area in (b) and (d) indicates the light-cone/leaky regime ( nsus2 / 0 < kx < nsus2 / 0). 
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In real 2D PhC cavities, a more subtle mode profile can be realized by k-space engineering, which 
simply means a modification of the physical distribution of the perturbation of the periodicity 
(i.e. a change in the position and/or size of the photonic crystal sites  holes or rods  adjacent to 

proposed by Akahane et al [25], who showed that it is possible to obtain a more Gaussian-like 
field envelope in an L3 PhC cavity by tuning the first two holes on each side of it. In this way, a 
decrease in the out-of-plane energy decay was obtained that corresponded to an improvement of 
the quality factor of the cavity by an order of magnitude in this demonstration. Since then, several 
2D photonic crystal cavity designs have been proposed that push towards the same direction. 
Some prominent examples are the double heterostructure cavity [26], the modulated line defect 
cavity [27] and the dispersion adapted cavity [28]. The advantage of the latter configuration in 
comparison to the rest is that it follows more systematic design rules and is thus less prone to 
fabrication errors, while still maintaining a high Q-factor. However, dispersion adapted cavities 
have a larger defect size that leads to smaller free spectral range (FSR) and non-single mode 
response. Fig. 2.6 shows schematic representations of the different types of high-Q 2D photonic 
crystal cavities. 

(a) (b)

(c)
 

Figure 2.6 (a) Double heterostructure cavity formed by merging the basic PhC structures with different 
lattice constant I and II, and a schematic of the band diagram along the waveguide direction (reproduced 
by permission from Macmillan Publishers Ltd: Nature Materials [26], © 2005). (b) Example design of a 
line defect modulated cavity implemented by shifting holes outwards in a W0.98 line defect waveguide. 
Shift dA = x, dB =2x/3 and dC =x/3 (reproduced from [27], with the permission of AIP Publishing, © 2006). 
(c) Dispersion adapted (DA) cavity with confined first order mode (Ey). The green circles represent the 
shifted holes. Shift of holes varies from h0 in the first section to hn in the last section (5 sections depicted). 
The waveguide after the last section is a W1 (reproduced from [28], © 2012 IEEE). 
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2.4 Vertically Coupled Waveguide-Photonic Crystal Cavity as a 
Resonant Reflector 
 

2.4.1 The Concept 
 

With the situation being as described in Chapter 1, significant scientific and commercial interest 
has lately been oriented towards Silicon Photonics compatible, compact laser architectures for 
chip-scale and on-chip datacommunication applications [29, 30]. Particular attention has been 
attracted by hybrid III-V/Silicon External Cavity (EC) laser configurations [9, 11], by 
wavelength-tunable lasers [31] and even more so by devices that feature both properties [10, 12], 
as that allows for independent fabrication and optimization of the gain and the reflective parts, 
while offering the potential for employment in WDM applications.  

The main points that optical interconnects need to address are low cost and low power 
consumption. Resonant enhancement, therefore, appears to be an attractive way to achieve 
energy-efficient WDM switching, a fact that is revealed by the increasing interest in resonant 
modulators [5, 32]. However, the complexity and control electronics required to match the 
emitted wavelength of a laser source to the resonances of an optical modulator of this nature has 
so far hindered their deployment in practical datacommunication applications. 

 Inspired by the devices in [9] and [33], in this work I explore the possibility of using the 
photonic crystal cavity-based component of [34] as a silicon photonic reflector in external cavity 
laser architectures. The selected silicon-based component, shown in Fig. 2.7, is an optical filter 
comprising a dielectric bus waveguide vertically coupled to a 2D silicon photonic crystal cavity. 
The coupled cavity-waveguide system can provide a narrow-band reflection at the resonant 
frequency of the PhC cavity [1] (the mechanism is described in the section below), thus acting as 
a wavelength-selective (resonant) mirror. The gain medium of the proposed EC laser schemes is  

 
Figure 2.7 Schematic representation and cross-sectional view of the selected resonant reflector. A bus 
waveguide is vertically coupled to an oxide-clad photonic crystal cavity on SOI. The top cladding layer 
(spin-on glass  SOG) of the cavity supports the waveguide and acts as a buffer/separating layer between it 
and the cavity. 

Photonic 
Crystal cavity

Waveguide

SiO2
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a III-V based Semiconductor Optical Amplifier (SOA) with a highly-reflective end that plays the 
role of the second mirror of the laser cavity. 

As optical feedback by resonant reflectors is wavelength-selective, it is apparent that in 
laser cavities utilizing such mirrors, the emitted wavelength is defined by the resonance of the 
mirrors. The choice of a silicon photonic crystal cavity-based resonant reflector is therefore 
particularly technologically relevant, as photonic crystal cavities on Silicon can provide  very 
precisely controlled, narrow-linewidth resonances at very small footprints, features highly 
desirable in WDM applications. Furthermore, exhibiting the ultimate Q-factor/V ratio [35], 
photonic crystal cavities can inherently be modulated at a low power-budget, proven by the 
sub-fJ/bit switching energies previously demonstrated [5]. Thus, the confirmation of the 
potential of photonic crystal cavities to be employed as external cavity laser mirrors paves the 
way for the development of an EC laser design with a modulatable reflector, which, combined 
with a resonant photodetector, can eliminate the aforementioned need for wavelength matching. 
A physical insight on the reasons leading to the choice of the vertical coupling architecture 
suggested in [34] is given in the following section. 

 

2.4.2 Oxide Cladding and Vertical Coupling 
 

Following the discussion in Section 2.3, it is easily understandable that high Q-factor silicon 
photonic crystal cavity designs require an air-clad configuration, as the material index contrast 
enhances total internal reflection and thus minimizes out-of-plane losses. However, silicon 
membranes are thermally and mechanically unstable, as well as susceptible to oxidation and 
contamination. The design presented in [34] suggests the oxide cladding of a photonic crystal 
cavity by maintaining the SiO2 layer of the SOI platform and covering the top part of the structure 
with a layer of spin-on glass (SOG). Even though air-clad cavities are typically easier to design, it 
has been demonstrated that Q-factors > 106, high enough for practical applications, can be 
obtained by oxide-clad photonic crystal cavities too [36]. The oxide cladding offers improved 
mechanical and thermal stability compared to silicon membranes [37, 38], and ease of fabrication 
as no removal of buried oxide (BOx) is required.  

The component of [34] also comprises a dielectric waveguide located on top of the 
photonic crystal cavity (as shown in Fig. 2.7). The two parts are separated by the top oxide 
cladding of the cavity that acts as an accommodating platform for the bus waveguide and as a 
buffer layer simultaneously. At the resonant frequency of the PhC cavity, light from the 
waveguide mode couples evanescently through the oxide layer to the cavity mode. As a result, a 
decrease in the transmission of light propagating in the bus waveguide occurs at 
resonance, accounting for the function of the component as a resonant optical filter. The light 
that is stored in the cavity, couples back to the bus waveguide both to a forward 9 and to a 
backward propagating mode. The backward propagating component is essentially a narrow-band 

                                                           
9 The forward propagating light component that is coupled back to the bus waveguide from the cavity has 
a  phase difference with the light propagating (forward) in the waveguide (as a /2 phase-shift is 

- coupling) and interferes destructively with it. 
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wavelength-selective reflection (as it is only composed of frequencies that were stored in the PhC 
cavity), indicating that the vertically coupled waveguide-photonic crystal cavity system of [34] 
can also be used as a resonant reflector
given in Fig. 2.8a. 

The power transmission and reflection coefficients (in the waveguide) of the above 
described device under weak coupling approximation are given by [34], [39] = ( )      (2.6) 

 = ( )       (2.7) 

where  is the intrinsic energy decay rate of the cavity,  is the total energy decay rate from the 
photonic crystal cavity to the bus waveguide and  =   0 , with  the frequency of the incident 
light and 0 the (resonant) frequency of the cavity mode. For completeness, it should be 
mentioned that according to [39], /2 =  = , with  and  expressing the energy 
decay rates into backward and forward propagating waves/modes of the waveguide, respectively. 
The power transmission and reflection coefficients at resonance (  = 0 ⇔  = 0) as a function 
of Q-factors are therefore given by [34] 
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Figure 2.8 (a) Abstract schematic representation of a coupled PhC cavity-bus waveguide system at 
resonance. The dashed arrows depict the backward propagating (reflected) light component and the solid 
arrows depict the forward propagating (transmitted) component. (b) Power reflection (red) and 
transmission (blue) coefficients, and optical losses (green) for vertically coupled waveguide-photonic 
crystal cavity system at resonance as a function of the coupling rate. The intrinsic quality factor of the cavity 
was considered to be Q0 = 30000. (c) Reflection Rx (dashed red) and transmission Tx (blue) spectra of a 
bus waveguide coupled to a PhC cavity with Q0 = 30000 and QC = 20000. 
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  = /( / / ) =      (2.8) 

 

  = /( / / ) =       (2.9) 

where Q0 is the intrinsic quality factor of the photonic crystal cavity and QC is the quality factor 
associated with the coupling between the cavity and the waveguide. QT expresses the total quality 
factor of the coupled waveguide-resonator system and is given by = +  .                                (2.10) 

 Eq. 2.9 and 2.10 show the dependence of the reflectivity of such a reflector on only QC
10, 

suggesting that R is only defined by the energy exchange flow between the waveguide and the 
cavity. This is visually depicted in Fig. 2.8b that shows the power reflection (red) and 
transmission (blue) coefficients in a waveguide vertically coupled to a photonic crystal cavity with 
(constant) Q0 = 30000, as a function of QC (values ranging between 1 and 70000). Fig. 2.8c shows 
the theoretically calculated transmission (Tx) and reflection (Rx) spectra of a coupled PhC 
cavity-bus waveguide system with resonance at  = 1550 nm, Q0 = 30000 and QC = 20000. The 
narrow-band reflection can be observed at the resonance frequency of the PhC cavity (the 
linewidth of the reflection is the same as the linewidth of the resonance of the cavity). It can be 
seen that T+R 11. The optical losses 
(OL) can be calculated by OL = 1  T  R and are shown in green in Fig. 2.8b.  

 It is worth noticing that the coupling in the selected vertically coupled photonic crystal 
cavity-waveguide system is based on the matching and overlap of the k-vector of the waveguide 
with the rich k-space distribution of the photonic crystal cavity [1, 34]. As a result, efficient 
coupling between high Q-factor 2D photonic crystal cavity designs and low refractive index 
(n < 2.1) waveguides can be achieved [34], allowing for larger waveguide modal areas and lower 

coupling and transmission  losses than those occurring in the high-index waveguides of the 
in-plane coupling configurations. This last characteristic is particularly relevant for external 
resonant reflectors as in those cases high coupling efficiencies (both at the output of the laser and 
at the interface with the gain medium) are greatly desired. 

An additional attractive feature of the vertical coupling scheme [1, 34] is that, even 
though it is simply a topological variation of side coupling, it can eliminate problems associated 
with the traditional in-plane coupling of light in 2D photonic crystal cavities [40]. More 
specifically, increasing the proximity of the input waveguide to the 2D photonic crystal cavity 
(necessary for the increase/change of the coupling efficiency) in an in-plane configuration results 
in a disturbance of the planar symmetry of the photonic crystal lattice around the cavity, which 
simply translates to a decrease of the quality factor of the cavity. Furthermore, the physical 

                                                           
10 The intrinsic quality factor Q0 is considered constant as an inherent characteristic of the employed 
photonic crystal cavity design. 
11 The optical losses in the system are a result of primarily the energy escaping the PhC cavity without being 
coupled back to the bus waveguide, and of the transmission losses in the waveguide.   
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distance between the waveguide and the 2D cavity  and any modification of it  in an in-plane 
scheme can only be discrete, and is defined by the periodicity of the 2D photonic crystal lattice 
(imposed by the design of the device). In the considered vertical coupling architecture, the bus 
waveguide is separated from the photonic crystal cavity by the top cladding layer of the cavity, 
the thickness of which can be precisely controlled. In this way, the control of the separation 
distance  and therefore of the coupling rate  between the waveguide and the cavity (not 
necessarily in discrete steps) provides a means for tuning the reflectivity of the system, the latter 
being an appealing resonant reflector feature. Finally, as the bus waveguide is located above the 
photonic crystal cavity, decreasing the interval between them has much less detrimental impact 
on the Q-factor of the cavity as, in this scheme, the planar symmetry of the 2D lattice is not 
strongly perturbed.  

 

2.4.3 The Device 
 

As discussed above, the function of the aforementioned vertically coupled photonic crystal 
cavity-waveguide component [1, 34] as a resonant reflector is of interest for this work. It can 
therefore be easily understood according to Section 2.4.2, that the control of the coupling rate 
between the two parts (QC) is of particular importance here. As previously mentioned, the 
coupling efficiency in the vertical coupling scheme is dependent on the spatial overlap and the 
k-space distribution overlap between the bus waveguide and the PhC cavity modes (which have 
a dissimilar effective refractive index). It is thus clear that QC can be controlled by changing the 
physical properties of the bus waveguide (e.g. dimensions, material), the PhC cavity 
parameters (e.g. lattice constant, lattice structure), or the thickness of the buffer oxide layer 
between them. Additionally, a PhC cavity design with relatively high intrinsic Q-factor (Q0) in an 
oxide-clad configuration needs to be employed to ensure a narrow-linewidth reflection. 

 Based on these considerations and taking into account the effect of oxide cladding on 
different cavity designs [36, 38], the line defect modulated [27] and the dispersion 
adapted (DA) [28] PhC cavity designs were considered for this project. Intrinsic Q-factors (Q0) 
in the order of 105 have been demonstrated with both designs when oxide-clad [34, 36]  a 
sufficiently high performance level for the requirements of the project. The DA PhC cavity design 
was selected to be predominantly employed in the experiments presented in this thesis. Although 
it does not offer the highest possible FSR (which results in the appearance of more than one 
localized energy states inside the band gap), the DA configuration was chosen for technological 
reasons: it offers a good mode overlap with the low-index bus waveguides used, and it exhibits 
high disorder stability (i.e. fabrication tolerance). Additionally, small fabrication variations affect 
its k-space distribution negligibly, inducing only insignificant changes in the overlap intensity 
with the bus waveguide mode, and hence resulting in a more stable performance of the entire 
system.  

Accordingly, SU8 polymer and silicon nitride (Si3N4) were considered for the waveguide 
material in this project. SU8 was selected for the experiments presented here; this choice 
simplifies the fabrication process as there are no deposition steps required (as would be the case 
for Si3N4). Moreover, the lower refractive index of SU8 ( 1.58) allows for larger modal areas 
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Figure 2.9 (a) Conceptual representation of the resonant reflector device. A low refractive index SU8 
polymer waveguide is vertically coupled to a Dispersion Adapted (DA) photonic crystal cavity (defined by 
the PhC holes marked in red). The two parts are separated by a layer of Spin-on-Glass (SOG) that also acts 
as a top oxide cladding for the cavity. K-space distribution of the dominant electric field (b) of a 
single-mode bus waveguide, and (c) of the first-order mode of a DA PhC cavity. The white circle indicates 
the light-cone, assuming oxide cladding. 

and lower insertion losses. In this way high coupling to optical fibers and to the mode of 
Semiconductor Optical Amplifiers (SOAs) can be achieved. This property is in general desirable 
as the component is employed as an output mirror in an External Cavity (EC) laser architecture. 
The height and width of the bus waveguide were chosen to be ~2.1 m and ~3 m, respectively, 
aiming at achieving as large cross-sections (and consequently coupling efficiency) as possible, 
under single (TE) mode operation12.  

 A conceptual representation of the resonant reflector component used for this thesis, as 
well as indicative k-space distributions of the dominant electric field of a single-mode SU8 
waveguide and of a DA PhC cavity13, are shown in Fig. 2.9. Details on the fabrication of the 
utilized here reflector devices can be found in Chapter 3. Even though a combination of DA PhC 
cavities and SU8 bus waveguides was chosen for this project for the reasons explained above, the 
vertical coupling scheme allows coupling between different types of PhC cavities and bus 
waveguides, offering flexibility in the choice of parameters (e.g. FSR, Q-factor, waveguide 
cross-section). Indicatively, the use of other low-index materials (e.g. Si3N4) for the bus 
waveguides, along with the potential of employing different PhC cavity designs (e.g. line defect 
modulated cavity design), have been previously demonstrated [34, 41]. In general, a given PhC 
cavity design can be engineering to exhibit a k-space distribution suitable for matching that of a 
specific bus waveguide, depending on the properties desired by the application in focus. 

                                                           
12 Even though the higher order mode that occurs at larger waveguide cross-sections would account for 
very little energy (compared to the fundamental mode) and would not have a k-space overlap with the PhC 
cavity modes, single-mode functionality was selected to minimize the instabilities in the laser cavity. 
13 The k-space distribution of the 1st order mode of a DA cavity is shown. 
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2.5 Laser Cavity with Resonant Reflector Based on Waveguide 
Vertically Coupled to a Photonic Crystal Cavity 
 

Having seen the reflective properties of the vertically coupled waveguide-photonic crystal cavity 
system of [34], a qualitative description of an External Cavity laser configuration that utilizes it 
as a resonant reflector is presented in this paragraph. For a better understanding, the examined 
External Cavity (EC) laser configuration (with a vertically coupled waveguide-cavity reflector) is 
described in terms of generic EC and semiconductor laser cavities (Fig. 2.10 shows a schematic 
representation of the three configurations and the association of the respective parts).  

For a generic two-mirror semiconductor laser configuration (as shown in Fig. 2.10a), it 
holds that [42]  = + +      (2.11) 

where xy is the transverse confinement factor, gth is the threshold material gain, and ia and ip 
are the internal losses in the active and the passive sections of the cavity, respectively. Rm is the 
mean mirror intensity reflection, defined as Rm = r1 r2, with r1 and r2 being the amplitude 
reflectivities of the two laser cavity mirrors. In laser cavities with an active section much larger 
than the emitted wavelength (i.e. La >> )  as the ones considered in this project 14 , the 
longitudinal confinement factor of the cavity can be approximated by La/L = z, with L = La + Lp 
the total laser cavity length. By dividing by L, and considering xy La/  xy z =  to be the 3D 
confinement factor of the electric field mode in the gain material15, Eq. 2.11 becomes [42] = 〈 〉 +          (2.12) 

where < i> is the average internal loss, defined by 〈 〉 = .        (2.13) 

Similarly, it is common to define a mirror loss term [42] =      (2.14) 

so Eq. 2.12 turns to = 〈 〉 + .    (2.15) 

 An external cavity laser can be seen as a laser cavity with three mirrors with intensity 
reflection coefficients r1, r2 and r3, with r2 corresponding to the reflectivity at the interface between 
the active and the passive regions and r3 to the reflectivity of the external reflector (as shown in 

                                                           
14  is the emitted wavelength, which in this project is considered to be ~ 1550nm.  
15 More precisely, the confinement factor  = xx yy z expresses the electron-photon overlap factor V/VP, with 
V being the active region volume occupied by electrons and VP the laser cavity volume occupied by photons 
(VP>V). 
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Figure 2.10 Schematic representation of (a) a generic two-mirror semiconductor laser cavity, (b) an 
external cavity laser, and (c) of an external cavity laser using a resonant external reflector  here a vertically 
coupled waveguide-photonic crystal cavity (represented as an oval for simplicity) system; the backwards 
propagating component coupled to the bus waveguide from the photonic crystal cavity provides resonant 
optical feedback. In all cases, the oscillation in the laser cavity is considered to happen along the z-axis, 
with U(x,y) being the TE field profile. La is the length of the active section (shadowed in red) that provides 
the laser cavity with gain (g) and Lp is the length of the passive section (shadowed in grey). L = Lp + La is 
the total length of the laser cavity. r1, r2 and r3 are the coefficients denoting the intensity reflection at 
different interfaces of the laser cavity.  is the coefficient that describes the intensity coupling between the 
active and the passive parts. In external cavity laser configurations ((b) and (c)), the influence of the passive 
section and of the external mirror can be substituted for steady-state analyses by an effective mirror with 
intensity reflection reff that plays the role of the second (output) mirror in an equivalent two-mirror model, 
as shown in (d). 
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Fig. 2.10b and 2.10c). The laser output is considered to be received at the end of the external 
mirror. In such a configuration, it is assumed that r2 << r3 [43] for the laser to operate on an 
external cavity mode. For the external cavity lasers of this project, comprising a SOA with a 
reflective end (RSOA) and a vertically coupled waveguide-photonic crystal cavity chip 
(Fig. 2.10c), the minimization of r2 is achieved by using AR coatings on all facets of the 
RSOA-reflector chip interface (i.e. on the output facet of the RSOA and on both facets of the bus 
waveguide of the reflector chip). Respectively, r1 is obtained by a reflector (HR coating or a fibre 
reflector) at the other end of the RSOA, while r3 is provided by the external photonic crystal 
cavity-based reflector, as described in Section 2.4. In this scheme, the optical feedback is 
narrow-band and occurs at the resonance of the photonic crystal cavity, with the reflectivity being 
r3 = QT/QC according to Eq. 2.9.  

 In an external cavity laser, assuming a steady-state analysis like the one here, the 
influence of the external mirror can be accounted for by replacing the passive section 
(represented by Lp in Fig. 2.10b and 2.10c) with an effective mirror of reflectivity reff . Assuming 
all reflectivities to be positive and real and → 0 (as previously discussed), the effective mirror 
reflectivity of an external cavity laser with a coupled PhC cavity-waveguide reflector can be 
defined as = .           (2.16) 

where  is the coefficient describing the intensity coupling between the active and passive parts. 
In the considered configuration,  expresses the coupling between the RSOA and the bus 
waveguide of the external reflector (which depends on the matching of two modes with different 
profiles and on the alignment between the two parts), and thus 1 as and cannot be ignored. 
Under the above assumptions, the examined external cavity laser configuration of Fig. 2.10c can 
be modelled as an equivalent two-mirror cavity with intensity reflectivities r1 and reff, and output 
received at the end of the mirror with reflectivity reff  (as shown in Fig. 2.10d). By substituting r2 
with reff in Eq. 2.11 and 2.12, its threshold gain can be written as  = 〈 〉 + = 〈 〉 +       (2.17) 

and the mirror loss term of Eq. 2.14 as =          (2.18)  

Attention must be paid to the fact that the total laser cavity length L in Eq. 2.17 and 2.18 should 
be L = La + Leff(( ), an aggregate of the length of the active section La and of an effective passive 
length Leff(( ). The effective length Leff(( ) accounts for the phase contribution of the passive 
section (Lp) and the wavelength-dependent phase contribution by the photonic crystal cavity in 
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 the external reflector16. Under this consideration, the wavelength spacing between two adjacent 
longitudinal modes m and m+1 in the studied EC laser can be calculated, as for a two-mirror 
semiconductor laser, using the formula for the Free Spectral Range (FSR) of a Fabry-Pérot (FP) 
cavity = ( )         (2.19) 

where  and  are the group effective indices 17  for the active and the passive regions, 
respectively [42]. 

Following on the above discussion, the output power Po received at the external mirror 
end of the laser (or the effective mirror end in the equivalent two-mirror configuration), is given 
by  = ( − )                (2.20) 

where h q  is the elementary charge, v is the frequency of the lasing 
wavelength (and therefore also the resonance frequency of the photonic crystal cavity), I is the 
driving current, Ith is the threshold current and d is the differential quantum efficiency of the 
laser. As a laser cavity with a lossy external mirror is considered here (see Section 2.4.2), the 
differential quantum efficiency is given by [42] = 〈 〉              (2.21) 

with < i> being the average internal loss given by Eq. 2.1218, m being the mirror loss given by 
Eq. 2.18 and i the internal quantum efficiency, i.e. the fraction of terminal current that generates 
carriers in the active region (which, given the quality of current state-of-the-art SOAs, can be 
assumed to be unity). Finally, F1 expresses the fraction of power delivered from the output facet, 
relative to the total power coupled out of the cavity by the mirrors. In this way, F1 accounts for 
the fact that not all the mirror loss of the output mirror is delivered outside the laser cavity as 
output power (since the output mirror in this case is the PhC-based reflector of Section2.4, for 
which it was shown that T+R   In the considered laser cavity, the fraction F1 of light obtained 
at the output end of the bus waveguide on the resonant reflector chip is given by =               (2.22) 

                                                           
16 The effective passive length can be defined as Leff =  d eff /2 d p, with d eff and d p derivatives dependent 
on frequency of eff and p [42]. eff represents the effective round-trip phase, i.e. twice the sum of all the 
phase-changing contributions in the passive section of the laser cavity (in the considered case, the phase 
change due to the propagation in the bus waveguide and the wavelength-dependent phase contribution of 
the PhC cavity). p is the real propagation constant in the axial direction (z-axis) of the passive part of laser 
cavity (including the external mirror) given by p = 2 /  (  is the effective index of refraction for the 
mode in the passive part). 
17 The group effective index of the j-th region is defined as = + ( / ), according to [42]. 
18 Again Leff(( ) should be used instead of La and the total cavity length should be L = La + Leff(( ). 
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with tc the intensity transmission of the external reflector given by tc = QT/Q0, according to Eq. 2.8 
(as lasing only occurs at resonance of the photonic crystal cavity). In this way, the slope efficiency 
of the laser s, following the traditional definition, can be written as = = = 〈 〉 = 〈 〉   (2.23) 

In general, the longitudinal mode selectivity in a laser cavity is determined by the 
combination of the mirror loss m with the net propagation gain (i.e. xy g  i) that results in a 
single net gain maximum, to which the closest mode will be selected. In the EC architecture 
presented here, single longitudinal mode operation (i.e. good Side Mode Suppression Ratio  
SMSR) is achieved by the fact that the vertically coupled waveguide-photonic crystal system acts 
as an optical filter. The wavelength-selective external reflection ensures that a mirror loss 
minimum occurs only for wavelengths within the (narrow) linewidth of the photonic crystal 
cavity resonance, providing an inherent mechanism towards the selection of a single mode. A 
graphic illustration of the situation is given in Fig. 2.11. An additional attractive feature of the 
chosen photonic crystal cavity-based external reflector is that, as shown in Section 2.4, the 
magnitude and linewidth of its reflectivity R can be tuned by controlling its design and 
fabrication parameters (i.e. the intrinsic quality factor Q0 of the selected photonic crystal cavity 
design and the coupling between the cavity and the bus waveguide through QC), resulting in 
better mode selectivity. 

xy g i m((

 
Figure 2.11 Schematic illustration of net propagation gain xy g  i, (red) and the net resonant mirror loss 

m (green), as a function of wavelength, for an EC laser with a vertically coupled bus wavguide-PhC cavity 
external reflector. The dashed lines represent the modes of the total EC laser cavity, the spacing of which 
is given by  =  / [2 ( + ( ))]. 

Based on the above observation, it is easily apparent that one of the major features of 
external cavity lasers, wavelength tuning, can be straightforwardly achieved in the presented EC 
laser scheme, by simply tuning the resonance wavelength of the photonic crystal cavity in the 
reflector. Given the previously demonstrated low switching energies for photonic crystal 
cavities [5], it is understandable that upon proof of its function, the examined EC laser 
configuration can be a potentially attractive candidate for energy-efficient wavelength tunability 
or modulation.  
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2.6 Discussion 
 

In this chapter I have provided a short overview on the fundamentals of photonic band gap theory, 
2D photonic crystals and photonic crystal cavities. Photonic crystal cavities are particularly 
relevant to Silicon photonic circuits for chip-scale WDM networks as they exhibit small footprint, 
precise wavelength control and very high Q/V ratios that translate to strong light-matter 
interaction and consequently low switching energies. Further, I explained how an optical filter 
with a low-index dielectric waveguide vertically coupled to an oxide-clad Silicon photonic crystal 
cavity can act as a wavelength-selective reflector, the reflectivity of which can be tuned by 
controlling the fabrication parameters of the filter (more specifically the intrinsic quality factor 
of the photonic crystal cavity, and the coupling rate between the cavity and the bus waveguide). 

Based on the above, I presented the main scope of this project, which is the examination 
of the possibility to employ the aforementioned reflective component as an external resonant 
mirror in External Cavity (EC) laser configurations that also comprise a III-V-based Reflective 
SOA (RSOA). External Cavity lasers are in general attractive as they allow the independent design, 
fabrication and optimization of the passive and the active parts, and make cost-effective use of 
the III-V materials. The proposed EC laser architecture is especially appealing for Silicon 
photonic optical interconnects as it features a Silicon photonic crystal cavity-based reflector, 
which implies high integration density, and precise and well-controlled lasing wavelength 
registration. Additionally, the lasing wavelength dependence on the resonance of the photonic 
crystal cavity of the reflective chip, combined with the low switching energies demonstrated in 
photonic crystal cavities, indicate its potential for energy efficient wavelength tuning/modulation. 
I complete the chapter by providing a conceptual description of an abstract external cavity laser 
utilizing a vertically coupled waveguide-photonic crystal cavity component as an external 
resonant reflector. 

In Chapters 4 and 5, I will demonstrate the functionality of different EC laser configurations 
employing a vertically coupled waveguide-photonic crystal cavity-based reflector, while in 
Chapter 6 the possibility of achieving direct wavelength modulation in the proposed EC laser 
configuration is discussed and some directions for potential future work are given.  
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Chapter 3 

Fabrication Tools and Processes 
 
3.1 Introduction 
 

The following chapter is an overview of the fabrication processes and tools that were used for the 
completion of the work in this thesis. I will begin this chapter by initially describing the steps that 
were followed for the fabrication of the samples used in the experiments presented here. I will 
then introduce photolithography and electron-beam lithography, the two lithographic methods 
that were used for the formation of doped regions and patterns on the aforementioned. I will 
then demonstrate the Reactive Ion Etching process, which was used for pattern definition and 
etch-back purposes. Finally, I will present the electron-beam evaporation process used for the 
formation of metal contacts and Anti-Reflection (AR) coatings. 

 

3.2 Sample Fabrication 
 

A significant fraction of my work-time on this project was dedicated to the fabrication of the 
resonant reflector components presented in Section 2.4. In this section I describe the main steps 
of the process flow (shown in Fig. 3.1) that was followed to fabricate the devices/samples used 
for the measurements and experiments presented in this thesis. Technical details for each step 
will be given in the following sections.  

The reflector devices are fabricated on the 220nm Silicon-on-Insulator (SOI) platform 
that features a 220 nm thick crystalline Silicon layer on top of a 2- m layer of SiO2 (commonly 
known as Buried Oxide  BOx). An appropriately sized piece (will be referred to as sample for 
convenience) is cleaved off an 8-inch SOITEC SOI wafer and undergoes ultrasonic cleaning in 
Acetone and Isopropanol (IPA  Fig. 3.1a). Upon cleaning, the sample is spin-coated with a 
440-nm layer of the positive electron beam resist ZEP 520A and annealed at 180 0C for 10 minutes 
(Fig. 3.1b). The desired pattern (including alignment marks and isolation trenches) is defined on 
the resist using electron-beam lithography (Fig. 3.1c). As discussed in Section 2.4.3, the photonic 
crystal cavity design that was mainly used in this project was the Dispersion Adapted (DA) 
cavity [1]. Fig. 3.2 shows the DA photonic crystal cavity design. The resonant response of each 
device can be tuned either by changing the lattice period  of the photonic crystal or by changing 
the distance d between the two innermost pairs of holes in the cavity (Fig. 3.2a). The patterned 
sample is developed in Xylene for 45 seconds and ZEP 520A is removed from the exposed 
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Figure 3.1 Fabrication process flow: (a) A sample of SOI is cleaved and cleaned in Acetone and IPA. (b) The sample is 
spun with positive e-beam resist  ZEP 520A. (c) The desired pattern (including alignment marks and isolation 
trenches) is exposed on the resist by e-beam lithography. After the exposure, the sample is developed in Xylene for 45 
seconds and ZEP 520A is removed from the exposed regions. (d) Silicon is etched away from the uncovered parts by 
Reactive Ion Etching (RIE) and the desired pattern is transferred on the Silicon. The patterned sample is then stripped 
from the remaining resist. (e) The sample is clad with SOG and the thickness of the SOG layer is reduced by RIE. (f) 
The alignment mark regions are covered and the sample is spun with S1818 photoresist. (g) SOG is selectively removed 
from the uncovered parts of the sample by RIE, and S1818 is removed by Acetone. (h) The stripped-from-SOG Silicon 
parts are covered, and the sample is spun with SU8 polymer. (i) Utilizing a 3-point alignment method, SU8 polymer 
waveguides are formed by electron-beam lithography and development in EC-solvent. 

regions (Fig. 3.1c). 
(RIE) with equal parts of CHF3 and SF6 and the desired pattern along with the separation trenches 
and alignment marks are transferred on the Silicon layer of the sample. The etched sample is 
stripped from the remaining ZEP 520A in 1165 resist remover (Fig. 3.1d). 

As a following step, the sample is cleaned in Piranha solution (H2SO4:H2O2 in 3:1 ratio) 
and spin-coated with a layer of Spin-on Glass (SOG) 1  that fills the holes of the photonic 
crystal (Fig. 3.1e). After spinning, the sample is initially baked at 100 0C and then annealed at a 
progressively increasing temperature up to 400 0C. In this way, a glass layer with properties 
similar to the ones of SiO2 is formed on top of the silicon photonic crystal cavity, acting as a top 
oxide cladding (the bottom cladding is provided by the BOx) that improves the symmetry and 
mechanical stability of the device. The acquired thickness of SOG after annealing is >300nm. A 
top cladding of ~140nm is required for achieving a good k-space distribution overlap between 
the cavity and the bus waveguide, and for a high cavity Q-factor2, so a further reduction of the 
thickness of the SOG layer is achieved by RIE with CHF3. Once the desired thickness of the top  

                                                           
1 For the devices of this project Flowable Oxide (FOx) by Dow Corning and Accuglass by Honeywell were 
used. Both products are based on hydrogen silsesquioxane (HSQ). 
2 A SOG layer thickness much larger than the desired is spun for better planarization. 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
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Figure 3.2 (a) Dispersion Adapted (DA) cavity design. The holes marked with red are shifted in order to form the 
cavity. The resonant response of the DA cavity can be tuned by changing either the photonic crystal lattice period  or 
the distance d between the two innermost pairs of holes in the cavity (as shown in the close-up). (b) SEM image of a 
DA photonic crystal cavity. 10 lattice periods are added on each side of the cavity to prevent light leakage in Silicon or 
air. (c) Cross-sectional SEM image of the device. A low index dielectric (SU8 polymer) waveguide is vertically coupled 
to a DA photonic crystal cavity. The two parts are separated by a layer of Spin-on Glass (SOG) that also acts as the top 
cladding of the cavity. The bottom cladding is provided by the SiO2 layer of the SOI platform (BOx). 

cladding is obtained, the regions where the alignment marks lie are covered with Ultraclean 
Super-Tack, zero-residue tape and the sample is spin-coated with a > 550nm layer of positive 
photoresist S1818  and annealed at 100 0C for 2 minutes (Fig. 3.1f  the tape is removed prior to 

the alignment marks on the Silicon layer (Fig. 3.1g). The sample is stripped from S1818 with 
Acetone and is then rinsed with IPA. 

In the final part of the process flow, the bus waveguides are fabricated on top of the 
oxide-
was selected for the formation of the waveguides over other alternatives (e.g. Si3N4). As explained 
in Section 2.4.3, this choice simplifies the fabrication process as, unlike in the case of Si3N4, there 
are no deposition steps required. For the implementation of the waveguides, the sample is cleaned 
in Piranha solution, spin-coated with a ~2.1- m layer of SU8 and soft-baked at 100 0C for 
3 minutes. The areas with the alignment marks are yet again covered with zero-residue tape 
(which is removed prior to soft-
design is transferred on the SU8 layer via electron- -
is employed (using the alignment marks on the Silicon layer as reference points) to ensure that 
that the waveguides are located in the desired position above the cavity. The width of the 
waveguides is ~3.1 m; the dimensions of the waveguides are chosen such that high coupling 
efficiency to the cavity mode is achieved under single mode operation. After a 3-minute 
post-exposure baking at 100 0C, the patterned sample is developed in EC-solvent for 20 seconds 
and SU8 is removed from the un-exposed regions. Upon development, the sample is hard-baked 
at 180 0C for 15 minutes.  



50 
 

 Once the above steps are completed, the sample is cleaved (typically along a plane 
perpendicular to the direction of propagation of light in the waveguide) to form a chip with 
waveguide facets of good optical quality. In order to further reduce facet back-reflections, a 
~280nm3 layer of MgF2 (n  1.37) is deposited by Electron-Beam Physical Vapour Deposition 
(EBPVD) on both ends of the bus waveguide as an Anti-Reflection (AR) coating. A more detailed 
description of the fabrication tools and methods used in the above described steps is given in the 
sections below. 

 

3.3 Photolithography 
 

Photolithography or UV lithography is a process used for patterning a polymer layer on a 
substrate. It utilizes UV light to transfer a desired pattern to a light-sensitive material called 

photochemical reaction of the resist to UV photons. More specifically, for positive photoresists 
the exposed areas become soluble in a developer solvent, while for negative photoresists the 
exposed areas become resistant to the developer that dissolves only the un-exposed areas. 
Photolithography can be used for the simultaneous patterning of large substrates (up to an entire 
wafer), and thus is faster than electron-beam lithography, but its resolution is limited by the 
wavelength of the light that is used. For this reason, photolithography is typically employed for 
larger structures, such as trenches, alignment marks, ion implantation windows, and contact vias, 
where the requirement for high resolution is more relaxed. 

 Photolithography systems typically define patterns on photoresist using photomasks. A 
photomask is a quartz plate, one side of which is coated with a UV light blocking film (e.g. Fe2O3 
or Cr) that carries the desired pattern. The mask allows the selective exposure of only some areas  
of the photoresists for the formation of the pattern. In the case of a process with multiple 
lithographic cycles, the substrate can be aligned to a feature on the photomask using the 
alignment tool of the system. Based on how the pattern is transferred from the photomask to the 
photoresist on the substrate, photolithography can be divided into three main categories (shown 
in Fig. 3.3): contact lithography, proximity lithography and projection lithography. In contact 
lithography, a photomask is put in direct contact with the photoresist layer on the substrate, 
which is then exposed to uniform UV light (Fig. 3.3a). Proximity lithography follows the same 
working principle, but in this case a small gap is left between the photomask and the resist layer 
on the substrate prior to the exposure (Fig. 3.3b). In both contact and proximity lithography, the 
photomask covers the entire substrate and the exposure of all areas is simultaneous. Unlike 
contact and proximity masks, projection lithography masks (also known as s contain 
only one die or an a and are projected on the wafer multiple 
times for the creation of the complete pattern. In order for that to be done, an imaging optics 
system (projection lens) is used between the reticule and the resist layer on the 

                                                           
3 The thickness d of the AR coating layer is given by d = cos /4n, where  is the wavelength at which the 
reduction of back-reflections is desired,  is the input angle in the waveguide and n is the refractive index 
of the AR coating material. In most cases,  = 1550nm and  = 0o are considered. 
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substrate (Fig. 3.3c). During my work, an EVG620 mask aligner, with lamp power of 500 W at a 
wavelength of 365 nm, was used for contact lithography. The flow of the process is shown 
in Fig. 3.4. 

Substrate
Photoresist

(a)

Substrate
Photoresist

(b)

Substrate
Photoresist

(c)

Mask

Lens

Mask

UV
Source

Gap

Mask

Projection
Lens

 
Figure 3.3 Photolithography types. (a)  Contact lithography: the photomask is brought in direct contact 
with the photoresist layer on the substrate. (b) Proximity lithography: a small gap is left between the 
photomask and the photoresist layer on the substrate. (c) Projection lithography: imaging optics are used 
between the mask (reticule) and the photoresist layer on the substrate. 

 

 
Figure 3.4 Photolithography process flow. (a)  Substrate with photoresist on it. (b) Substrate with resist 
exposed to UV light through a photomask. (c) Substrate with positive photoresist after development. The 
exposed areas have been removed. (b) Substrate with negative photoresist after development. The exposed 
areas have not been removed. 
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3.4 Ion Implantation 
 

Ion implantation is the process during which ions of a material are accelerated by an electric field 
and are impacted into a substrate. Ion implantation is broadly used in semiconductor device 
fabrication, to alter the physical or electrical properties of materials.  An ion implantation system 
typically consists of an ion source, where the ions to be implanted are generated, an accelerator 
tube, where the ions are electrostatically accelerated, and a target chamber, where the target 
substrate sits. The implanted dose is the actual amount of implanted material, which is defined 
as the integral of the ion current over time. A schematic representation of an ion implantation 
system is given in Fig. 3.5.  

 
Figure 3.5 Diagram of the parts of an ion implantation system. 

One of the most common forms of ion implantation is the insertion of dopants in a 
semiconductor. During this process, ions, created from gases of elements such as Boron or 
Phosphorus, are implanted in a semiconductor (in this case, the semiconductor considered is 
Silicon) and lead to the formation of charge carriers in it after annealing (holes for p-type doping 
and electrons for n-type doping). Doping is the typical method of forming p-n junctions on 
Silicon, and the one employed for the formation of the p-n junctions on Silicon-on-Insulator 
(SOI) that were used for my work. The wafer-scale ion implantation process took place in Tyndall 
National Institute and is described below. 

 Initially, alignment marks for the desired design are defined on a SOI wafer by 
electron-beam lithography. After developing, dry-etching and cleaning the resist used for 
electron-beam lithography, the wafer is spun with a 1.1 m-thick layer of Fujifilm HiPR6512 
resist. Ion implantation windows are defined in the appropriate areas of the wafer by projection 
photolithography on an Ultratech UTS1500 stepper. The exposed wafer is then developed in 
OPD5262 and ions are implanted in the exposed areas using an Eaton NV6200 implanter. The 
wafer is then stripped from the resist.  

The implantation window patterning, the ion implantation, and the wafer cleaning steps 
are repeated for as many cycles as the number of the different dopants and doses desired. For the 
used p-n junctions, the wafers underwent four doping cycles - p+, n+, p and n, in the order 
mentioned. Boron ions were used for the p+ and the p-type doping, and Phosphorus ions for the 
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n+ and n- type doping. The wafer is then annealed at 1050o C for the formation of charge carriers 
and of the actual junctions. The detailed steps of the implantation process and the implanted 
doses can be found in Appendix A. Fig. 3.6 depicts the flow of an ion implantation cycle. 

 
Figure 3.6 Ion implantation cycle flow. (a)  Substrate with photoresist on it. (b) Projection 
photolithography: the resist is exposed to UV light through the reticule. (c) The exposed areas have been 
removed during the development. Ions of the chosen dopant are then implanted in the desired areas that 
are not protected by the resist. (b) Substrate after resist stripping and annealing. A doped region with the 
chosen dopant is formed on and below the surface of the exposed parts. Annealing will lead to the 
formation of charge carriers (electrons for p-type dopants or holes for n-type dopants). 

 

3.5 Electron-Beam Lithography 
 

Electron-beam (e-beam) lithography is one more process used to define patterns on a substrate. 
Contrary to photolithography that utilizes light, e-beam lithography uses a focused beam of 
electrons to expose a film of electron-sensitive resist (e-beam resist) that covers a substrate. The 
electron beam changes the physical structure of the resist by either breaking the polymer 
backbone bonds into soluble fragments of lower molecular weight (for positive resists) or by 
cross-linking the polymer chains to render them less soluble (for negative resists) [2]. In this way, 
the selective removal is enabled of the exposed (in the case of a positive resist) or the non-exposed 
regions (in the case of a negative resist) of the resist when developed by the appropriate solvent. 
The generated pattern on the resist can then be transferred to the substrate by etching. 

 The electron beam is generated from a thermionic or a field emission source, and is 
focused and steered by sets of electrostatic and/or magnetic lenses. The lenses can be controlled 
and set up by the user (typically via a computer interface) for the definition of the desired pattern. 
Depending on the thickness of the resist film, a specific amount of electrons per unit area, called 

C/cm2), is needed for its full exposure. E-beam lithography 
offers higher resolution (typically down to a few nm) than photolithography, but it is a 
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significantly slower process due to the fact that it is sequential (there is only one beam of electrons 
that can expose only a single feature at a time). For that reason, e-beam lithography is mostly 
preferred in cases where the fabricated volume is relatively low, and high resolution and/or 
versatility are critical requirements. In this work, e-beam lithography was used for structures with 
sub- m features, such as photonic crystals. For all the e-beam lithography steps, I have used a 
RAITH eLINE plus nanolithography system, with a maximum acceleration voltage of 30 kV and 
a maximum write-field size for 1000 x 1000 m2. The e-beam resist that was predominantly used 
was Zeon Chemicals ZEP 520A, a high-resolution positive resist that allows the definition of 
photonic crystal holes and of other sub-100 nm features. Other e-beam resists that were used 
extensively for the work presented here are Microchem SU-8 (negative) and Polymethyl 
Methacrylate (PMMA, positive). The details for the resist preparation, exposure and 
development are provided in Table 3.1. 

 In order to expose large areas, the e-beam lithography system fractures the desired design 
into segments, known as write fields. The content of each write field is mapped on an exposure 
grid, each grid-cell of which, represents the smallest pixel  that can be exposed with the system. 
Each write field is exposed separately and the minimum time to expose a given area for a given 
dose is given by [3] ∙ = ∙       (3.1) 

where Area is the exposed area, t is the time to expose the object, I is the electron beam current 
and Dose is the exposure dose. The patterning of the desired design is typically the result of a 
combination of two independent motions: the deflection of the beam that results in the exposure 
of the content of a single write field, and the movement of the stage that holds the 
substrate/sample for the exposure of the adjacent write fields. The size of each grid-cell is 
dependent on the memory size of the Digital-to-Analogue Converter (DAC) of the e-beam 
system and on the size of the selected write field. Fig. 3.7a depicts how the write field size affects 
the maximum achievable grid-cell size (i.e. the maximum positioning resolution). The blue 
continuous lines show the maximum deflection angle of the e-beam, while the red dashed ones 
represent the minimum angle  that the e-beam can be deflected to. It is apparent that the 
smaller the write field (WF) size, the finer the grid-cell size x that can be achieved.  
 

Resist Thickness 
(nm) 

Baking 
Temp. 

(oC) 

Baking 
Time 
(min) 

Exposure 
Dose 

( C/cm2) 

Developer Develop. 
Time 
(sec) 

Developer 
Temp. 

(oC) 

Resist 
Stripper 

ZEP 520A 440 180 10 55 Xylene 45 45 1165 
SU-8 2100 100 3 60 EC 

Solvent 
20 Room 

Temp. 
EC 

Solvent 
PMMA 600 180 5 300 H2O:IPA 

(3:7) 
55 Room 

Temp. 
Acetone 

 

Table 3.1 Preparation, exposure and development parameters for the main e-beam resists used for this 
work. A post-exposure bake at 100 oC for 3 minutes is required for SU-8. 

 



55 
 

  
Figure 3.7 (a) Schematic representation of the relationship between the size of the write field (WF) and the 
maximum achievable positional resolution (or minimum grid-cell size x). (b) Positioning of adjacent 
write fields in the ideal case and in a case with stitching errors. (c) SEM image of structures with stitching 
errors caused by incorrect adjacent write field alignment. 

The e-beam system used for this work has a 16-bit DAC, which means that each write 
field can be divided in 64000 x 64000 grid of cells. The smallest write field size that can be achieved 
by the considered system is 50 x 50 m2, which implies a minimum cell width of 0.78 nm. 
Respectively, for a write field of 100 x 100 m2, the minimum cell width is 1.56 nm, while for the 
maximum available write field size of the system (1000 x 1000 m2) the minimum cell width 
is 15.63 nm. It is clear that smaller write field sizes offer better resolution, but the size of the write 
field that can be used for an exposure is often limited by the size of the exposed pattern. If the 
desired design extends into more than one write fields, the stage needs to move to different 
positions (corresponding to adjacent write fields) for its exposure to be completed. The stage 
movement is however less accurate than the deflection of the electron beam within a single write 
field, and can lead to positioning errors at the borders of adjacent write fields, known as stitching 
errors. Stitching errors are undesirable as they lead to incorrect transferring of the desired pattern 
on the substrate, and consequently to scattering losses. Fig. 3.7b gives a schematic representation 
of stitching errors resulting from incorrect positioning of adjacent write fields. In this work, the 
write field size that was primarily used was 100 x 100 m2, as it was found to offer a good trade-off 
between exposure time and resolution for sub-100nm features, while a low enough number of 
stitching errors could be achieved for larger structures (e.g. m-range waveguides). 

 A critical aspect of e-beam lithography, which also mainly determines the feature 
resolution limit in a system, is the interaction of the electrons with the e-beam resist and the 
substrate beneath it. Upon entering the resist, the electrons undergo a series of inelastic scattering 
events, known as forward scattering, through which they transfer energy to the resist causing the 
change of its physical structure  
Apart from exposing the resist, however, forward scattering causes the broadening of the  
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(a) (b)  
Figure 3.8 Monte Carlo simulations of electron scattering in photoresist (PMMA) on Silicon for electron 
beam lithography at (a) 10 kV and (b) 20 kV (reproduced from [4], with the permission of AIP 
Publishing, © 1975).  

 
Figure 3.9 L3 cavity design with proximity error correction. 

diameter of the electron beam. Evidently, larger resist-layer thickness leads to more pronounced 
beam broadening by forward scattering. Forward scattering is also observed in the substrate, 
which is however mostly responsible for the back scattering of a part of the incident electrons. 
The effects of the combined forward and back scattering of electrons can be seen in Fig. 3.8a 
and 3.8b. Using higher energy electrons (by increasing the acceleration voltage) or a thinner 
resist layer can decrease the forward scattering, but the generation of secondary back-scattered 
electrons cannot be avoided. Despite their lower energy, these secondary electrons are capable of 
changing the physical structure of the resist. That leads to the undesired exposure of resist regions 
adjacent to regions that are desirably exposed according to the design. The exposure of 
surrounding resist is responsible for the proximity effect, which is effectively the enlargement of 
the feature sizes in a given design. The aforementioned phenomenon is particularly undesirable 
in the fabrication of periodic photonic nanostructures as it leads to a change in their spectral 
response.  

In order to tackle the proximity effect and fabricate devices with the desired feature sizes, 

NanoPECS is a software that calculates the proximity effect and adjusts accordingly the exposure 
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dose of each feature in a given design [5]. Fig. 3.9 shows an example of a proximity error 
corrected design pattern for an L3 photonic crystal cavity. The central regions of the photonic 
crystal design are assigned a lower exposure dose as a compensation for the strong proximity 
effect from the adjacent exposed sites. The regions away from the centre on the other hand, are 
assigned a relatively higher exposure dose as the proximity effect they experience is weaker, since 
there are fewer adjacent sites to be exposed. This technique results in a rather homogenous 
effective exposure dose throughout the entire pattern in practice. 

 

3.6 Reactive Ion Etching 
 

After the exposure of the resist by lithography and development, the generated pattern is 
transferred to the substrate of interest by Reactive Ion Etching (RIE). RIE is a type of dry etching 
that uses chemically reactive plasma to remove material from a substrate. The plasma is generated 
under low pressure, so for this process the substrate is placed in a cylindrical vacuum chamber, 
on a water-cooled conductive stage that is situated in the bottom part of the chamber as shown 
in Fig. 3.10a. The substrate plate is electrically isolated from the rest of the chamber. A second 
conductive plate hangs above it. Subsequently, the sample lies between the two plates (in touch 
with the bottom one), which act as electrodes. The reactive gases are injected in the chamber 
through small inlets on a circular tube that surrounds the top electrode, and exit to the vacuum 
pump system on the right. A software-controlled gate valve is used to precisely control the 
pressure in the chamber at each time. The gate valve can also isolate the chamber from the 
vacuum pump system during the substrate loading/unloading process, when venting of the 

 

When a strong RF (Radio Frequency) electromagnetic field is applied between the 
conductive plates/electrodes, its oscillations ionize the molecules of the gas mixture in the 
chamber by stripping them from electrons, and lead to the initiation of a plasma. In each 
oscillation cycle of the RF field, the electrically accelerated electrons oscillate with it in the 
chamber, colliding with either the chamber walls or with the substrate holder. In the first case, 
the electrons are grounded and therefore do not change the electronic state of the system. In the 
latter case however, the electrons that collide with the substrate holder plate lead to the build-up 
of a negative charge and the development of a negative DC voltage on it. At the same time, the 
plasma exhibits a positive charge due to the high concentration of positive ions, which are much 
larger in size compared to electrons and move relatively little because of the RF field. The large 
voltage difference leads the positive ions to move towards the substrate holder, where they collide 
with the substrate to be etched. The positive ions attack the surface of the substrate and remove 
material from it both chemically  by reacting with it  and physically  by transferring some of 

etching, due to the DC induced directionality in the delivery of the reactive ions. 

The etching conditions in a RIE system vary heavily with the process parameters: gas 
types, chamber pressure, gas flow and RF power [6]. The gas mixture and etching recipes depend 
on the materials of the substrate that is desired to be etched. Sulfur hexafluoride (SF6) is 
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Figure 3.10 (a) Schematic representation of the RIE chamber. The tube on the right connects the chamber 
to a vacuum pump system and the gate valve controls the chamber pressure. (b) SEM image of photonic 
crystal etched under optimal parameters. The side walls are vertical, with minimal roughness. (c) SEM 
image of photonic crystal etched with increased RF power. A widening at the top edge of the holes can be 
observed. (d) SEM image of insufficiently etched photonic crystal (under-
bottom of the hole can be observed. 

commonly used for etching silicon. In our research group, a mixture of SF6 and CHF3 (fluoroform) 
gases is used for silicon etching. CHF3 is used for the passivation of the etched side walls, offering 
additional verticality to the etching. For the etching of Silicon dioxide (SiO2) or of SOG (HSQ), 
the reactive gas used was CHF3, which etches and passivates the side walls at the same time. In 
order to achieve good etching results with a given RIE system (Fig. 3.10b), the etching recipe 
(etching time, chamber pressure and RF power) should be optimised depending on the substrate 
to be etched and on the gas types and flow used. Poor optimization of the etching parameters 
leads to non-optimal etching as shown in Fig. 3.10c and 3.10d. The optimal parameters for the 
etching of the substrates that were most commonly used in this project are provided in Table 3.2. 
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Substrate Gases Flow Rate 
(sccm) 

Etch 
pressure 
(mBar) 

RF Power 
(W) 

DC Bias 
(V) 

Etch Rate 
(nm/min) 

Silicon SF6/ CHF3 100/100 5.6x10-2 19 -210 110 
SOG CHF3 100 4x10-2 40 -510 20 

 
Table 3.2 Etching parameters for the main substrate materials used for this work. 

 

3.7 Electron-Beam Physical Vapour Deposition  
 

3.7.1 Electron-Beam Physical Vapour Deposition 

 
Electron-Beam Physical Vapour Deposition (EBPVD) is a vacuum deposition method used to 
produce thin films by bombarding a source material (known as target material) with an electron 
beam. The electron beam is generated from a charged tungsten filament by thermionic emission, 
field electron emission or the anodic arc method. The target material (in the form of crystals, 
flakes, wire or ingot) is placed in a water-cooled crucible, which sits at positive potential with 
respect to the filament. To avoid chemical interaction between the filament and the target 

Fig. 3.11. A 
magnet is used to accelerate the electron beam and direct it from the source to the target crucible. 
An additional electric field is used to raster The EBPVD 
process takes part in a vacuum chamber for the traveling of the electrons from the source to the 
target crucible to be allowed.  

converted to thermal energy that heats up the evaporation material and causes it to melt or 
sublime. In this way, the electron beam transforms atoms of the target material into vapour, 
under sufficiently high temperature and pressure levels. These gas atoms are then transported by 
diffusion and precipitate into solid form, coating every surface in the chamber (including that of 
the substrate) with a thin layer of the target material. The substrate is fastened on the substrate 
holder, which rotates at a particular speed to allow the uniform deposition of the film over the 
surface of the substrate. In general, Physical Vapour Deposition (PVD) is advantageous 
compared to Chemical Vapour Deposition (CVD), as it takes place at lower temperatures, 
without the formation of corrosive gaseous products that might leave impurities on the deposited 
film. Additionally, the deposition rate in EBPVD is relatively high (ranging from a few to a few 
hundreds of nm per minute), as is the material utilization efficiency that EBPVD offers relative 
to other deposition methods. 

An Edwards AUTO306 EBPVD system was used for the work presented here. An 
acoustic crystal monitor was fitted to the system as shown in Fig. 3.11, and was connected to an 
Edwards film thickness monitor for controlling the thickness of deposited material. Prior to each 
deposition cycle, the base pressure of the chamber was typically below 1x10-6 mBar. The typical  
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Figure 3.11 Schematic representation of a EBPVD chamber. 

  

 

Figure 3.12 Lift-off process flow. (a)  Substrate with PMMA resist on it. (b) The desired design is exposed 
on the resist via photolithography or e-beam lithography. (c) Substrate after development in a 3:7 mixture 
of H2O and IPA. The exposed areas have been removed. (b) A film of the desired material is deposited on 
the entire surface of the substrate. (e) The substrate is immersed in Acetone, which strips it from the resist 
and the deposited material from the undesired areas.  

deposition rate for the system used was between 0.1 and 0.3 nm/sec, with the average filament 
current varying depending on the target material. The EBPVD system was used for the deposition 
of Anti-Reflection coatings (mainly MgF2 based) and for the deposition of metal contacts (based 
on Cr, Ni or Al, depending on the application). 

For the formation of metal contacts, EBPVD was used as a step of the lift-off procedure. 
The lift-off process is a simple method of producing patterns of a target material on selected areas 
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Substrate
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of a substrate, and is commonly used for the formation of electrical contacts. During my work, 
for the lift-off process, the substrate was spun with a 500 nm thick layer of PMMA (positive resist) 
and was baked at 180 OC for 10 minutes. The desired design was patterned on the resist using 
photolithography or e-beam lithography and then developing in a mixture of de-ionized H2O 
and IPA (3 parts de-ionized H2O and 7 parts of IPA). The desired material was then deposited 
on the substrate using EBPVD. After the deposition process, the substrate was immersed in 
Acetone, which dissolves PMMA. The resist was stripped, removing with it the deposited 
material from the undesired parts. The flow of the lift-off process is depicted in Fig. 3.12. 

 

3.7.2 Electron-Beam Physical Vapour Deposition for Anti-Reflection Coatings 
 

The reflectivity at the interface between two dielectrics with refractive indices n1 and n2 (n1 < n2, 
as in Fig. 3.13a) s formu  .        (3.2) 

An Antireflective or Anti-Reflection (AR) coating is a type of optical coating that can be applied 
to the surface of optical elements (e.g. lenses, waveguides, etc) to reduce back-reflections.  The 
principle of the function of AR coatings is based on the destructive interference of the beams 
reflected off the different interfaces of the considered system. More specifically, considering the 
case of a single layer AR coating under normal incidence (Fig. 3.13b), the AR coating reduces 
the back-reflection of the input beam by creating a  phase difference between beam A (reflected 
off the interface of the dielectrics with indices n1 and n2) and beam B (reflected off the interface 
of the dielectrics with indices n2 and n3), which consequently interfere destructively. The 
reflectivity of both interfaces should be the same, which in Fresnel term implies that (following 
the notation of Fig. 3.13b) =       (3.3) 

The ideal refractive index for a single layer AR coating can be found from Eq. 3.3 to be =    . Considering that the phase change of a beam with vacuum wavelength 0 that 
propagates for distance d in a material with index n is =  cos , and knowing that a phase 
change of  is desired during the round-trip propagation of the input beam in the AR film, it is 
apparent that the thickness of the AR layer must be =   (for =0 ). 

A single layer AR coating can eliminate the reflections at only one wavelength. However, 
multiple-layer AR coatings can supress back-reflections over a larger range of the wavelength 
spectrum (the bandwidth increases with the number of layers). A two-layer AR coating can be 
seen in Fig. 3.13c. The working principle is still based on destructive interference between 
successive reflected beams. For example, for the double-layer AR coating shown in Fig. 3.13c, 
there should be a  phase shift between the reflected beams A and B, and between the reflected 
beams B and C. It can be easily found then  similarly to the case with a single layer, and taking 
into account the  phase change that is picked up by a beam when it propagates from one material  
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Figure 3.13 (a) Reflection (under normal incidence) between two dielectrics with refractive indices n1 and 
n2 (n1 < n2). (b) Reflection (under normal incidence) of a single beam at dielectric (refractive index n3) with 
AR coating (refractive index n2). (c) Reflection (under normal incidence) of a single beam at dielectric 
(refractive index n4) with a two-layered AR coating (with layer indices n2 and n3). 

to another with higher refractive index  that the thickness of both layers should be  , where 

nlayer is the refractive index of the layer considered and 0 the considered vacuum wavelength. For 

a two-layer coating the refractive indices are related by =   (following the notation of 

Fig. 3.13c), which stems from an extended version of Eq. 3.3. Analogously, following the same 
principles, the thicknesses and refractive indices for the layers of n-layered AR coatings (n = 3, 4, 

 

As the minimization of back-reflections at the input and output of the waveguides used 
during the work described here was of major importance, AR coatings were used extensively. The 
considered waveguides were typically made of SU8 (n = 1.58), Silicon (n = 3.47) or Si3N4 (n = 
1.85-2.10)4 and the input and output interfaces were always between them and air. Even though 
the calculated optimal AR coating thickness is different for each of the considered materials (e.g. 
nopt1 = 1.25 for the air-SU8 interface and nopt2 = 1.86 for the air-Silicon interface), MgF2 (with 
refractive index n ~ 1.37) was used for AR coatings on all of them, as it is the closest material with 
good physical properties for a coating. MgF2 was deposited on the facets of the used waveguides 
using EBVPD (as described in Section 3.7.1) and the thickness of the coating was determined 
from the  rule (with 0 = 1550 nm and nMgF2 = 1.37  normal incidence was assumed). 

Single layer coatings were used for simplicity and for practical reasons (the deposition quality of 
the materials with a refractive index suitable for double-layer AR coatings available for the used 
EBVPD system was not optimal). Indicatively, Fig. 3.14a and 3.14b show the reflectivity off the 
air-SU8 interface (beam incident on SU8 with n = 1.58 from air at an angle =0 ) and the 
suppression that can be achieved by an ideal AR coating (n = 1.25) with ∙ . = 310 nm thickness 

and with a MgF2 AR coating (n = 1.37) with ∙ . = 282 nm thickness. The results were calculated 
using the transfer matrix approach. Respectively, Fig. 3.14c presents the experimental 
transmission spectra (under normal incidence from air) of the same single-mode SU8 waveguide  
 

                                                           
4 The refractive index values given here are for  ~ 1.55 m. 
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Figure 3.14 Reflectivity as a function of wavelength from an air (n = 1)/ SU8 (n = 1.58) facet (a) without 
coating (black line), with hypothetical ideal AR coating (n = 1.25) of 310 nm (blue line), with MgF2 
(n = 1.37) AR coating of 282 nm. (b) Close-up comparison of the performance of ideal AR coating (blue 
line) and MgF2 AR coating on an air/SU8 interface (the specifications are the same as in (a)). 
(c) Experimental transmission of a single-mode SU8 waveguide on SiO2 substrate without AR coating (blue 
line) and with a MgF2 AR coating of ~ 282 nm on both facets (red line). Normal incidence of the input 
from air is considered. 

on SiO2 substrate prior to and after the deposition of a MgF2 AR coating with thickness of 
~280 nm on both of its facets. A suppression of the power reflectance of each facet by a factor of 
~4 is observed (by evaluation of the fringe reflectivity of the transmission spectra with and 
without the AR coating)5. 

 

3.8 Conclusion 
 

In this chapter, I have presented the main fabrication processes and tools that were used to 
fabricate the samples used for the work described in this thesis. A more detailed description of 
the parameters for each type of sample is given in the respective chapter.  

  

                                                           
5 Following the previously used transfer matrix approach, an initial facet (air-SU8 interface) reflectivity of 
5.4% can be estimated, corresponding to a supressed facet reflectivity of <1.4% after the deposition of AR 
coatings. 
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 Chapter 4 

Long External Cavity Laser Configuration 
 
4.1 Introduction 
 

Light sources have always been indispensable components of all types of optical transmitters, as 
they are necessary for the electrical-to-optical (E-O) signal conversion. With Silicon photonic 
technologies increasingly penetrating the datacommunication scene, the pursuit of an on-chip, 
silicon-compatible light source intensifies. As the future optical interconnect bandwidth 
demands are expected to be met through the channel scalability and parallelism offered by 
Wavelength Division Multiplexing (WDM), the ideal on-chip source is required to exhibit high 
power efficiency, a wide operating temperature range (up to 80 oC), precise wavelength 
registration, and small footprint for denser integration. 

However, despite the several attempts [1, 2, 3], an efficient, electrically pumped laser at 
approximately 1310 or 1550 nm, has not yet been built on Silicon or any other Group IV element, 
owing to the low emission efficiency of these materials (result of their indirect bandgap). In this 
way, the use of III-V elements as gain materials is currently rendered imperative. Aiming at 
overcoming the coupling and packaging-cost problems of off-chip lasers, several solutions have 
been suggested for the combination of III-V elements with Silicon in order to obtain an on-chip 
laser cavity, as discussed in Chapter 1. Some of the most prominent approaches are the 
heterogeneous integration of III-V materials on Silicon by direct [4, 5, 6] or indirect bonding [7, 
8, 9], the hetero-epitaxial growth of III-V on Silicon [10, 11, 12], and the formation of External 
Cavity (EC) lasers consisting of an intact III-V gain medium and a Silicon-based external 
reflector [13, 14]. EC lasers have attracted significant attention, as they exhibit better carrier 
injection efficiency and thermal impedance than heterogeneously integrated or hetero-epitaxially 
grown configurations, with comparable III/V-to-Silicon coupling losses [15]. Additionally, EC 
architectures allow the independent design, fabrication and optimization of the active medium 
and of the silicon circuits, the process flow of which is not affected by the integration of the III-V 
material.  

In this chapter, I present a hybrid III-V/Silicon external cavity laser design that utilizes 
as an external resonant reflector the vertically coupled bus waveguide-photonic crystal cavity 
system that was shown in Section 2.4. The concept of using grating cavity resonant reflectors has 
been introduced for heterogeneously integrated lasers in [16, 17]. The attraction of photonic 
crystal cavities is their high Q-factor/V ratio, which indicates the possibility of achieving 
narrow-linewidth resonances with large Free Spectral Range (FSR > 100nm demonstrated in [18] 
and [19]) in small footprints. In this way high integration density and channel scalability are 
feasible, while the narrow-linewidth of the PhC cavity resonance provides a mechanism towards 
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single-mode lasing  all being features greatly desired in WDM interconnects. Furthermore, the 
large cross-sectional area of the bus waveguide on the external reflector (due to its low refractive 
index, as seen in Sections 2.4.2 and 2.4.3) enables efficient coupling between the active and the 
passive parts, even without the need of mode size converters.  

The devices used for the experiments in this chapter were designed and fabricated by 
myself in the University of St Andrews. The experiments presented in this chapter were 
conducted by myself in the University of St Andrews, and the related material has been published 
in [20] and [21]. 

  

4.2 The Laser Cavity 
 

The primary focus of the project was the demonstration of the functionality of the proposed laser 
configuration. In order to achieve that, a commercially available, packaged fiber-pigtailed SOA 
(Kamelian OPA-20-N-C-FA with minimum fiber-to-fiber gain of 20 dB for wavelengths around 
1550nm) was employed as the gain medium. Fig. 4.1 gives a schematic side view of the examined 
EC laser cavity. A pair of compact aspheric lenses (Newport 5722-C, diameter: 6.3mm, focal 
length: 4.5 mm, working distance: 2.9mm, AR coated for the wavelength range of 1000 to 
1600 nm) were used to couple the light from the SOA to the external reflector, by first collimating 
(lens L1) and then focusing it (lens L2) on the bus waveguide of the reflector chip (marked with 
S) that played the role of one of the mirrors of the laser cavity (R2). Optical feedback at the other 
end of the cavity was provided by a simple broadband fiber optic reflector, with power reflectivity 
R1 ~ 0.95.  

 For the external reflector chip, a Dispersion Adapted (DA) photonic crystal cavity [22] 
was vertically coupled to a polymer SU8 (n Section 2.4.3. 
Although the DA design exhibits a relatively small Free Spectral Range (FSR), it was chosen as it 
is simple to fabricate and highly resilient to disorder. Moreover, its rich vertical k-space 
distribution enables the use of dielectrics with lower refractive index (e.g. polymers such as SU8) 
for the bus waveguide, allowing for larger cross-sectional areas. The DA cavity was fabricated on  

SiO2

bus waveguide

PhC
cavity

FOx
SOA

R1 L1 L2

R2

Si

S

 
Figure 4.1 Schematic representation of the examined external cavity laser architecture and operation. The 
laser comprises a packaged, fiber-pigtailed Semiconductor Optical Amplifier (SOA) and an external 
reflector chip (S with reflectance R2) that consists of a bus waveguide vertically coupled to a Silicon 
photonic crystal cavity. The second mirror is a fiber optic reflector (R1). The output of the SOA is coupled 
to the bus waveguide by a pair of lenses (L1 and L2). 
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a SOITEC 220 nm Silicon-On-Insulator (SOI) platform by electron-beam lithography Reactive 
Ion Etching (RIE). Flowable oxide (FOx-15 by Dow Corning) was used for the top cladding layer 
of the PhC cavity. The width of the bus waveguide was ~3 m and its height ~2.1 m, resulting 
in low coupling losses (<3 dB/facet). AR coatings were used on both facets of the waveguide to 
minimize back-reflections. The complete fabrication process and fabrication details can be found 
in Chapter 3. 

Amplified spontaneous emission in the SOA generates a broad IR frequency spectrum, 
which is coupled to the SU8 waveguide. Light at frequencies matching the resonances of the 
Silicon photonic crystal cavity are coupled to it from the bus waveguide (as described in Section 
2.4), and power builds up in the cavity. As seen in Section 2.4, the light that evanesces from the 
PhC cavity back to the bus waveguide couples to a forward propagating mode  destructively 
interfering with the light propagating in the waveguide  and to a backwards propagating mode, 
which acts as optical feedback to the SOA. Due to the resonant nature of the Silicon-based mirror, 
it provides a wavelength-selective reflection only at the frequencies that correspond to the 
resonances of the PhC cavity. In this way, a conventional laser cavity is formed between the PhC 
cavity and the fiber reflector only for those wavelengths. 

  

4.3 Experimental Setup and Laser Characterization 
 

During this project, the transmission of the photonic crystal cavity-based chips was measured 
prior to them being employed as reflectors. For this, an end-fire technique was used to couple 
light in and out of each device. A schematic of the passive optical setup is shown in Fig. 4.2a. For 
the transmission measurements, the output of a broadband Amplified Spontaneous Emission 
(ASE, emission span: 1520-1620 nm) source was launched in single-mode fiber (SMF) and fed to 
an aspheric lens (AL1). A polarizing beam-splitter (PBS) was used to filter out TM polarized light 
from the collimated output of AL1. The TE polarized beam was focused on the cleaved facet of 
one the bus waveguides on the silicon chip (S) using an aspheric lens (AL2). The transmitted light 
was collected at the other end of the waveguide by a collimating aspheric lens (AL3). The 
collimated output was then focused by an aspheric lens (AL4) on a SMF fiber connected to an 
InGaAs photodetector (PD)  the output of which was read on a digital sampling oscilloscope 
(DSO)  and an optical spectrum analyser (OSA  with a maximum resolution of 0.01 nm) for 
the spectral power distribution of the device under test (DUT) to be measured. An infrared 
camera (IRC) was used to assist the alignment of the output of AL2 with the waveguides on the 
chip. The sensitivity of the camera spanned from visible to infrared frequencies, allowing the 
simultaneous observation of the chip and its features, and of the infrared light (from the ASE 
source) transmitted through the bus waveguides. 

 For the laser characterization, a setup broadly similar to the passive optical setup 
described above was used. A schematic of the laser characterization setup can be seen in Fig. 4.2b. 
The output of the laser cavity (as this was described in Section 4.2) was collected at the end of the 
SU8 waveguide of the employed resonant reflector device using a pair of aspheric lenses (AL3 for 
collimating and AL4 for focusing) and was launched in a SMF that was connected to the InGaAs  
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photodetector (and DSO) and the optical spectrum analyser (OSA)1. Lasing experiments for 
several PhC cavity devices were conducted at room temperature and emitted laser spectra were 
taken for different values of the drive current of the SOA. The measurements were limited by the 
resolution of the employed OSA (0.01nm). 

 

 
 

AL1 AL2

SOA

PDDSO

OSA

R S AL3 AL4

IRC

SMF

 
Figure 4.2 (a) Experimental setup for passive optical (transmission) measurements. (b) Experimental 
(characterization) setup of the proposed external cavity laser, comprising a fiber-pigtailed semiconductor 
optical amplifier (SOA). The dashed light green frame highlights the EC laser cavity. AL (1-4):  aspheric 
lenses, PBS: polarizing beam splitter, S: silicon chip/photonic crystal cavity based reflector, R: fiber optic 
reflector, ASE: amplified spontaneous emission broadband source, DSO: digital sampling oscilloscope, 
PD: photodetector, OSA: optical spectrum analyser, SMF: single-mode fiber. 

                                                           
1 For completeness, the laser emission was also collected at the end of the SU8 bus waveguide using a 
single-mode lensed fiber (that was then connected to the InGaAs PD and the OSA). The observed results 
were the same in both cases (lensed fiber and pair of aspheric lenses). 
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Figure 4.3 Characterization of external cavity laser with resonant external reflector comprising a DA PhC 
cavity with lattice constant  = 388 nm and fill factor r/  = 0.28. (a) Lasing spectrum (dashed red/Lasing) 
showing single-mode operation at 40 mA overlaid with the transmission spectrum of the aforementioned 
PhC cavity-based device (solid black/Tx). (b) Lasing spectrum at 80 mA overlaid with the transmission 
spectrum of (a). (c) L-I curve at room temperature. The arrows indicate a kink in the L-I curve (c), due to 
the appearance of a second lasing mode caused by a higher-order PhC cavity resonance, shown in (b). 

Fig. 4.3c shows the light versus current (LI) curve for a laser cavity comprising a DA 
cavity with lattice constant  = 388 nm and fill factor r/  = 0.28 (r being the radius of a hole). The 
output power was measured with a Thorlabs digital power-meter after AL3 (or at the end of the 
lensed fiber, respectively). The threshold current for the examined device was found to be 
23.6 mA (at an emitted wavelength of 1547.32 nm) and the experimental slope efficiency was 

s = 0.0324 mW/mA. Based on [23], a PhC cavity mirror reflectivity of ~40% and intra-cavity 
losses of ~7.7 dB (primarily due to coupling and mirror losses) were estimated from the 
experimental threshold gain and slope efficiency.  Owing to the large length of the laser cavity 
(which ranged from 5 to 8 m, depending on the length of the fiber patchcords that were used), 
the longitudinal mode spacing is extremely narrow (<20 pm), effectively resulting in a 
longitudinal mode continuum. The emitted wavelength and the laser linewidth are therefore 
determined exclusively by the resonance characteristics of the PhC cavity (according to 
Section 2.5). 

The kink observed in the LI curve (marked with an arrow in Fig. 4.3c) is caused by the 
appearance of a second lasing mode: as previously mentioned, the relatively small FSR of DA 
cavities results in multimodal behaviour. As cavity modes represent the various energy 
distributions in the cavity, different modes exhibit different coupling rates from and to bus 
waveguide and consequently different power reflection (R) and transmission (T) coefficients 
(according to Section 2.4). Each DA cavity mode can thus act as an individual reflector, resulting 
in the potential formation of more than one laser cavities that share the same gain medium. Each 

(a) (b) 

(c) 



70 
 

of these laser cavities/modes has its own lasing characteristics (threshold, efficiencies, etc) that 
depend mainly on the power reflection coefficient of the corresponding DA mode. For the DUT, 
the lasing threshold condition for the higher-order DA cavity mode is satisfied at ~68 mA. The 
single-mode operation of the studied laser for current values below the threshold of the second 
lasing mode can be seen in Fig. 4.3a, which shows the lasing spectrum at 40 mA. The existence 
of the second lasing mode can be seen in Fig. 4.3b, showing the lasing spectrum at 80 mA. Both 
lasing spectra are overlaid with the transmission spectrum of the employed PhC cavity-based 
reflector2. It is apparent that each laser mode corresponds to a PhC cavity mode, proving that the 
emitted wavelength in the suggested architecture is determined by the resonances of the PhC 
cavity. The small offset of the lasing peaks from the center of the resonances in the transmission 
spectrum observed in Fig. 4.3b, is a result of the red-shift of the PhC cavity resonances (and 
consequently of the resonant reflection peaks) due to larger intra-cavity powers at higher drive 
currents. 

 

4.4 Lithographic tuning 
 

Precise control of the emitted wavelength is a key-feature of on-chip lasers for WDM optical links. 
Aiming at examining the suitability of the proposed external cavity configuration for such 
applications, lithographic control of its lasing wavelength was demonstrated by studying laser 
cavities comprising resonant reflectors with different PhC cavity resonances. The cavity 
resonances were tuned by varying the position of the four inner holes of the DA cavity design [22]. 
The considered holes were shifted between 36 and 44 nm outwards (in steps of 2 nm), with 
respect to the hole position in a W1 waveguide configuration, as shown in the inset of Fig. 4.4. 
Other than the aforementioned variation, the resonant reflector devices were identical, with 
lattice constant  = 388 nm and fill factor r/  = 0.28.  

Fig. 4.4 shows lasing spectra (in room temperature) from laser cavities utilizing different external 
resonant reflector devices, at a drive current of 40 mA. The change in the emitted wavelength 
from the first lasing mode of each device can be observed. The non-equidistant and non-linear 
change is due to the combination of fabrication disorder and of the fact that the first lasing mode 
in each device did not always correspond to the same resonance order of the PhC cavity. The 
lasing characteristics (i.e. differential quantum efficiency and slope efficiency) of each laser cavity 
varied, depending on the power reflectance (R) of each resonant Si mirror device; the latter is 
basically determined by the coupling rate between the SU8 bus waveguide and the PhC cavity, 
which varied due to fabrication imperfections. The Side-Mode Suppression Ratio (SMSR) was in 
every case >25 dB. Given the tight longitudinal mode spacing due to the large length of the laser 
cavity, the SMSR is limited by the relatively low value of the cross-correlation between the mirror 
loss m and the net propagation gain xy g  i (according to Section 2.5). 

 

                                                           
2 The same transmission spectrum is used in both Fig. 4.3a and Fig. 4.3b for simplicity. 
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Figure 4.4 Lasing spectra for external cavity lasers utilizing resonant reflectors that comprise DA PhC 
cavities with different outward shifts of the two inner pairs of holes. Spectrum d1 (blue) corresponds to a 
shift of 36 nm with respect to the original hole position in a W1 waveguide, d2 (red) to a shift of 44 nm, d3 
(green) to a shift of 40 nm and d4 (yellow) to a shift of 42 nm, respectively. The inset shows an SEM image 
of a DA PhC cavity. Tuning of the position of the four innermost holes (in red circle) results in variation 
of the cavity resonances (and resonant reflections). 

 

4.5 Discussion 
 

To conclude, in this chapter I have presented the function of a hybrid external cavity laser 
architecture comprising a fiber pigtailed SOA with a fiber optic reflector and a Si resonant 
reflector based on a PhC cavity vertically coupled to a dielectric bus waveguide. The vertical 
coupling scheme provides a solution to the problematic interfacing of Silicon photonic crystal 
cavities, facilitating their use in practical WDM interconnect applications where small footprint, 
large FSR, precise wavelength control and the potential of low energy modulation (stemming 
from their ultra-high Q-factor/V ratio) are of utter importance. Additionally, the low index of the 
bus waveguide allows for larger mode profiles and consequently more efficient coupling to the 
SOA or other relevant components (e.g. lensed fibers, other waveguides, etc). 

 An external cavity (EC) configuration was chosen as it allows for independent fabrication 
and optimization of the active and the passive parts. As seen in Section 4.3, the large laser cavity 
length of the fiber-coupled arrangement examined in this chapter corresponds to a sub-pm 
longitudinal mode spacing. Consequently, the emitted lasing wavelength and linewidth are 
determined exclusively by the resonances of the PhC cavity in the external reflector, and the 
proposed scheme can operate for a wide continuous range of laser cavity lengths, exhibiting high 
resilience to cavity length variations. In this way, the spatial separation of the active medium from 
the Silicon reflector is possible by simply using adequately long fiber patchcords. As the power 
consumption of the gain chip does not add to the on- chip heat dissipation in such a scheme, the 
overall thermal stability of the device is improved, which is a highly-desired feature in many 
Silicon Photonics applications (e.g. sensing, optical interconnects, etc). Nonetheless, the emitted 
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wavelength is still controlled by the on-chip elements (i.e. the PhC cavity) and thus the 
functionality remains on Silicon  a fact that, combined with the employed vertical coupling 
approach that maximises the area available for electronic circuitry, is an advantage for CMOS 
integration.  

Loss (dB)

/

 
Figure 4.5 Ratio of calculated slope efficiency ( ) over experimentally observed slope efficiency 
( s = 0.0324 mW/mA) as a function of laser cavity losses. 

A lasing threshold of 23.6 mA and a slope efficiency of s = 0.0324 mW/mA were 
demonstrated for mW-lever output powers at 1547.32 nm. An improvement of the slope 
efficiency can be achieved by reducing the coupling losses in the laser configuration. Fig. 4.5 
shows the ratio of the slope efficiency calculated according to Section 2.5 ( ) with respect to the 
experimentally observed slope efficiency ( s) as a function of laser cavity losses (assuming that 
the mirror reflectivies are the ones considered in the experiments presented in this chapter and 
are kept constant) . It can be seen that a reduction of the intra-cavity losses down to 3 dB can lead 
to an estimated improvement of the slope efficiency by a factor of ~2.5. 

The lithographic tuning of the emitted wavelength (with SMSR >25 dB) reveals a unique 
level of wavelength control in hybrid III-V/Silicon EC lasers, by simply shifting the position of 
four sites (holes) of the photonic crystal lattice in steps of 2 nm. The use of a PhC cavity-based 
resonant reflector is particularly relevant as, apart from the precise wavelength registration 
(stemming from the fact that the PhC cavity provides a mode selection mechanism, as described 
in Section 2.5) and the ultra-small Silicon footprint, such a reflector offers the potential of 
dynamically tuning the emitted wavelength of the laser by electro-optic modulation of the PhC 
cavity resonances, at ultra-low power budgets [24]. During this project, a combination of SU8 
polymer waveguides and Dispersion Adapted (DA) PhC cavities was used for technological 
convenience (no additional deposition steps, easy fabrication, high tolerance to disorder). 
However, the possibility of using other low-index materials (e.g. Si3N4) has been demonstrated 
[25], along with the potential of employing different PhC cavity designs (e.g. the use of the line 
defect modulated cavity design of [18] shown in [26]). By utilizing a single-mode PhC cavity 
design in the suggested laser configuration, the appearance of multiple lasing modes from one 
device can be avoided, enabling tighter frequency channel spacing in WDM applications. 
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The extension of the working principle discussed here to a compact butt-coupled configuration 
(similar to the ones shown in [13], [14] and [15]) that can exhibit lower intra-cavity losses  and 
consequently lower threshold current and higher SMSR  is presented in Chapter 5. The 
incorporation of wavelength modulation functionality in the proposed architecture, as well as its 
further potential, are discussed in Chapter 6. 
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Chapter 5 

Compact External Cavity Laser 
Configuration 
 
5.1 Introduction 
 

In Chapter 4, the concept and function were shown of an external cavity (EC) laser comprising a 
fiber-pigtailed Semiconductor Optical Amplifier (SOA) and a Photonic Crystal (PhC) 
cavity-based resonant external reflector. As efficient, cheap (leaders in the field appreciate that 
the desired power-budget price for optical interconnects is as low as $1/Gbps [1]) lasing with 
precisely controlled wavelength over a larger temperature range is required by the demanding 
operating environment and cost structure of datacenters, the extension of the functional concept 
presented in Chapter 4 to a smaller laser configuration was the main focus of this project.  

 In this chapter, I present a compact hybrid III-V/Silicon external cavity laser architecture 
that consists of a Reflective Semiconductor Optical Amplifier (RSOA) die butt-coupled to a 
Silicon-based external reflector with a dielectric bus waveguide vertically coupled to a PhC cavity 
(previously presented in Chapter 2 and used in Chapter 4), similar to the ones presented in [2], 
[3], [4] and [5]. The motivation behind employing a PhC cavity-based reflector and choosing an 
EC laser scheme has been previously discussed. Here, I will initially demonstrate the EC laser 
cavity architecture, along with some basic laser characterization. As the examined configuration 
is particularly relevant to datacommunication applications, the thermal stability of the laser, as 
well as the alignment tolerance between the passive and the active parts (important for on-chip 
integration) are also studied. 

The devices used for all the experiments in this chapter were designed and fabricated by 
myself in the University of St Andrews. The experiments for Section 5.3.1 and Section 5.3.2 were 
conducted by myself in the University of St Andrews, and by myself and Andrei P. Bakoz 
(affiliations: Cork Institute of Technology (CIT), Tyndall National Institute and ITMO 
University) in Tyndall National Institute. The experimental data for Section 5.3.3 were collected 
by Andrei P. Bakoz in Tyndall National Institute.  The material related to this chapter has been 
published in [6], [7], [8], [9] and [10]. 
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5.2 The Laser Cavity 
 

5.2.1 Design Description 
 

For the formation of the EC laser configuration examined in this chapter, a RSOA die on mount 
was butt-coupled to the bus waveguide of the Silicon reflector chip that was described and used 
in Chapters 2 and 3, and 4, respectively (Fig 5.1). The gain chip was a 250- m long InP ridge 
optical amplifier with AlGaInAS quaternary quantum wells (QW), mounted on a ceramic tile 
with its front end overhanging, provided by CST Global. The Al(3+) ions contained in the QWs 
increase the height of the energy potential of the wells, restricting the temperature-dependent 
carrier leakage and thus resulting in higher gain at elevated temperatures [11]. The back facet of 
the RSOA die was HR-coated with power reflectance R > 90%, while its front facet was coated 
with a multi-layer AR-coating to minimize back-reflections. For the Silicon-based external 
 

HR coating

RSOA PhC cavity

AR coating AR coatingbus waveguide

(a)

(b)

S

R1 R2

 
Figure 5.1 (a) Schematic representation of the compact external cavity laser configuration discussed in this 
chapter. The laser cavity is formed by butt-coupling a III-V-based Reflective Semiconductor Optical 
Amplifier (RSOA) to an external reflector chip (S), comprising a bus waveguide vertically coupled to a 
Silicon PhC cavity, that provides wavelength-selective optical feedback (R2). The rear facet of the RSOA is 
HR-coated, acting as the second mirror of the laser cavity (R1). AR-coatings are used on the front facet of 
the RSOA and on both facets of the Silicon chip to minimize back-reflections. (b) Three-dimensional 
representation of the examined compact external cavity laser configuration. The cut in the upper metal 
contact (yellow) of the RSOA chip reveals a ridge with a waveguiding QW structure (depicted in red). On 
the Silicon-based external reflector chip, the holes that define the PhC cavity are also marked with red (for 
consistency, a Dispersion Adapted design is considered here). 
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reflector chip, a polymer SU8 waveguide vertically coupled to a Dispersion Adapted (DA) 
photonic crystal cavity [12] was used in this case, too. The width and height of the polymer bus 
waveguide were again ~3 m and ~2.1 m, respectively. Single-layer MgF2 AR coatings were used 
on both facets of the waveguide. The complete fabrication process and details can be found in 
Chapter 3 and Section 4.2.  

  

5.2.2 Design Considerations 
 

The lasing mechanism is the same as for the fiber-pigtailed design and is presented in Section 4.2. 
The main focus of this configuration is the reduction of the footprint of the device (and thus of 
its cost), without compromising its performance. The use of a highly-optimized RSOA chip 
allows for the reduction of the length of the gain medium by more than a factor of two compared 
to competing approaches [2, 3, 13], resulting in very cost-effective use of III-V materials. 
Additionally, the use of PhC cavities on the external reflector end enables the reduction of the 
Silicon footprint to areas as small as 100 m2, further reducing the device cost by increasing the 
density of integration. Moreover, the large FSR that PhC cavities exhibit, offers the potential for 
increasing the number of employable frequency channels in a given frequency band. The 
aforementioned reasons make the examined architecture of particular interest to on-chip and 
chip-scale WDM networks. 

 Based on the discussion in Chapter 1, single-mode operation is crucial for WDM 
datacommunication links. High longitudinal mode selectivity and large side-mode suppression 
ratio (SMSR) are, therefore, features that are greatly desirable in the laser device studied in this 
chapter. As explained in Section 2.5, the use of a narrowband wavelength-selective external 
reflector provides an inherent route towards the selection of a single longitudinal mode: for a 
specific active part length (here the length of the RSOA die, i.e. m), an appropriate choice 
of the length of the passive section can result in a longitudinal mode spacing in the laser cavity 
(given by Eq. 2.19) large enough to ensure that only one longitudinal mode will overlap with the 
narrow linewidth of the reflection (corresponding to the situation depicted in Fig. 2.11). The 
combination of this fact with the large FSR of PhC cavities provides a route to single mode 
operation1 and simultaneously to the suppression of adjacent side-modes. For the configuration 
considered in this chapter, passive section lengths2 of 3 and 4 mm correspond to a longitudinal 
mode spacing (according to Eq. 2.19) of 0.22 and 0.17 nm, respectively, which is larger than or 
similar to the linewidth of the PhC cavities employed in this project (typically between 0.10 and 
0.20 nm) and therefore adequate to provide single-mode lasing. 

                                                           
1 The large FSR of PhC cavities implies the absence of reflections due to cavity resonances in the immediate 
spectral vicinity (and thus low lasing mode competition).   
2 The length of the passive section is not the physical length of the Silicon photonic reflector chip, but the 
length that accounts for the phase contribution of the passive section of the laser cavity and the wavelength-
dependent phase contribution by the PhC cavity in the reflector. It can be approximated by the distance of 
the PhC cavity on the reflector chip from the facet closer to the RSOA die.     
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 An effect with detrimental repercussions for the single-mode selectivity of the suggested 
EC laser configuration that had to be considered during this project, was the back-reflections 
from the chip facets. According to Section 2.5, the longitudinal mode selectivity in a laser cavity 
is determined by the combination of the mirror loss m with the net propagation gain xy g  i 
that results in a single net gain maximum (notation following Chapter 2). In the laser architecture 
presented here, the non-zero reflectivity of the non HR-coated RSOA die facet and of both the 
Silicon chip facets (Fig. 5.1a) can lead to the formation of parasitic cavities and consequently the 
appearance of Fabry-Perot fringes on the gain and the reflection (i.e. mirror loss) spectra, 
respectively. Since the mode selection is dependent on the extremum of the product of the two 

that assists the 
lasing of one of the parasitic longitudinal modes instead of the longitudinal mode defined by the 
resonant reflector in the EC laser. An exaggerated schematic representation of the concept is 
depicted in Fig. 5.2a: the net gain ( xy g  i) ripple and spectral distribution, combined with the 
modulation in the mirror loss ( m) produce a net gain maximum that benefits the selection of the 
(parasitic) longitudinal mode shown in red, over the EC laser cavity longitudinal mode shown in 
black. 

xy g i

(a)

m((

 

-65
-63
-61
-59
-57
-55
-53
-51

1520 1522 1524 1526 1528 1530
-65
-63
-61
-59
-57
-55
-53
-51

1520 1522 1524 1526 1528 1530

Po
we

r (
dB

m
)

Wavelength (nm)

(b) (c)

Wavelength (nm)

Po
we

r (
dB

m
)

 
Figure 5.2 (a) Schematic illustration of net propagation gain xy g  i, (blue) and the net resonant mirror 
loss m (green), as a function of wavelength, for an EC laser with a vertically coupled bus wavguide-PhC 
cavity external reflector. The ripple/modulation of the two spectra caused by non-zero reflectivity of the 
front RSOA facet and of both facets of the bus waveguide on the silicon chip, respectively, can result in a 
net gain maximum that assists the lasing of one of the parasitic longitudinal modes (marked in red) instead 
of the longitudinal mode defined by resonance of the PhC cavity (marked in black). Transmission spectra 
at 60 mA of two RSOA dies with a gain ripple extinction ratio of (b) ~1 dB, and (c) >4 dB. 
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The impact of the above effect can be significantly diminished by eliminating the gain 
and reflection spectra modulation/ripple. It can be easily understood therefore that use of AR 
coatings (on both the RSOA and the Silicon chip) is of crucial importance for the single-mode 
selectivity and the side-mode suppression in the laser configuration of this chapter. Indeed, as 
previously shown in Section 3.7.2, the use of single-layer MgF2 AR coatings on the facets of the 
SU8 waveguide on the Silicon reflector chip can result in an experimentally measured reduction 
of the facet power reflectance by a factor of up to 4 (corresponding to a facet reflectance of <1.5% 
or equivalently a reflection spectrum modulation depth of <0.066 dB). The main limiting factor 
during this project was the performance of the RSOA dies: aiming at maintaining the cost of the 
proposed laser configuration as low as possible, commercially available, cheap RSOA dies were 
used3, which exhibited slight variations in the quality of the AR coating of their front facet. A 
maximum gain ripple extinction ratio (ER) deviation between ~1.7 dB and ~8.5 dB at the spectral 
region of interest (between 1510 and 1560 nm) was experimentally observed at a drive current of 
60 mA for the available dies4. Fig. 5.2b and 5.2c depict the difference in the amplitude of the gain 
ripple in the transmission spectra of two RSOA dies in the spectral region between 1520 and 
1530 nm. 

 In order to ensure good mode selectivity, high SMSR, and lasing wavelength stability, 
RSOA dies with maximum extinction ratios <2.5 dB (at 60mA, between 1510 and 1560 nm) were 
used during this project, combined with reflector chips with relatively high power reflectance 
coefficients (R up to 40%, corresponding to an extinction ratio of 2.21 dB). This approach was 
followed in an attempt to maximize the likelihood of obtaining a net gain maximum as a result 
of the resonant reflection from the PhC cavity-based mirror (based on the above discussion). 
According to the analysis in Section 2.5, it is evident that in the presented configuration, for a 
given average internal loss value < i> and RSOA mirror reflectivity, lower resonant reflector 
reflectivity values result in higher differential quantum efficiencies (and therefore higher 
wall-plug efficiencies) and lower gain thresholds. This observation is in good agreement with the 
results presented by Zilkie et al. in [2], where high experimental efficiency for a similar EC laser 
design (utilizing a Bragg grating on SOI as an external reflector) was obtained for an output 
mirror grating with low reflectance (R = 0.15, corresponding to a extinction ratio of 0.7 dB). 
Based on the previously discussed considerations, it can be inferred that a further suppression of 
the facet back-reflections (by e.g. optimizing the AR coatings on the RSOA front facet and on 
facets of the bus waveguide on the Silicon chip) could lead to a significant improvement of the 
performance of the EC laser device of this chapter. 

 

5.3 Experimental Setup and Characterization 
 

                                                           
3  /die (assuming a yield 
of ~95%). This price can be further reduced in the case of mass production. 
4 The maximum extinction ratio of the gain ripple in the transmission spectra (for the spectral region 
between 1510 and 1560 nm) at 50 mA was >1.5 dB and <=3 dB for 65% of the available for this project 
RSOA dies, >3 dB and <=5 dB for 18% of them, and >7.5 dB for the remaining 18%. 
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As in previous parts of the project, the transmission of the photonic crystal cavity-based chips 
used in this part was measured prior to their employment as reflectors. For this, the technique 
and optical setup shown in Fig. 4.2a and described in Section 4.3 were used. For the 
characterization of the compact EC laser, a similar setup was used and is shown in Fig. 5.3. A 
Reflective Semiconductor Optical Amplifier (RSOA) die was mounted on a thermally conductive 
AlN sub-mount, which was placed on a 5-axis alignment stage. The Si-based external reflector 
chip was placed on a single axis horizontal translation stage. The laser cavity was formed by 
edge-coupling the RSOA waveguide and the bus waveguide of the external reflector; alignment 
for optimum coupling was found by maximizing the output power at the end of the bus 
waveguide below threshold. The output of the laser cavity (as described in Section 5.2) was 
collected using a lensed single-mode fiber (SMF) 5  that was connected to an InGaAs 
photodetector (PD)  the output of which was read on a digital sampling oscilloscope (DSO)  
and an optical spectrum analyser (OSA  with a maximum resolution of 0.01 nm), used for the 
observation of the spectral power distribution of the device under test (DUT). An infrared camera 
(IRC) was used to assist the alignment of the RSOA and the lensed fiber with the waveguides on 
the chip. The sensitivity of the camera spanned from visible to infrared frequencies, allowing the 
simultaneous observation of the components and their features, and of the infrared light (from 
the ASE source) transmitted through the bus waveguides. The temperature of both the mounted  
 

PDDSO
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S

IRC
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Figure 5.3 Experimental characterization setup of the proposed compact external cavity laser, comprising 
a Reflective Semiconductor Optical Amplifier on mount (RSOA). The dashed light green frame highlights 
the EC laser cavity. S: silicon chip/photonic crystal cavity based reflector, DSO: digital sampling 
oscilloscope, PD: photodetector, OSA: optical spectrum analyser, SMF: lensed single-mode fiber. 

RSOA and of the external reflector chip could be independently controlled by using Peltier 
elements, which enabled spanning between 20 oC and 80 oC. It should be noted that the Peltier 
elements were used solely for the study of the behaviour of the device as a function of temperature. 

                                                           
5 For completeness, the laser cavity emission was also collected at the end of the SU8 bus waveguide using 
a pair of aspheric lenses (and was launched in a SMF that was then connected to the InGaAs PD and the 
OSA). The observed results were the same in both cases (lensed fiber and pair of aspheric lenses). 
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Unless otherwise stated, the laser characterization was done at room temperature, as the 
examined device runs effectively without active cooling. 

 

5.3.1 Laser Characterization 
 

A microscope image of the compact EC laser cavity can be seen in Fig 5.4. Fig 5.5a shows the 
waveguide-coupled (wc) light versus current (LI) curve for a compact laser cavity comprising a 
DA cavity with lattice constant  = 390 nm and fill factor r/  = 0.28 (r the radius of a hole). The 
output power of the laser was measured using a Thorlabs digital power-meter connected to the 
lensed fiber. The threshold current was found to be 12.8 mA. The kinks in the LI curve are caused 
by mode-hopping, which occurs as the selected lasing mode of the cavity jumps to an adjacent 
longitudinal mode (as explained in Section 2.5) due to the thermo-optic effect as the laser 
temperature rises with drive current. Fig. 5.5b shows a contour plot of the lasing spectra 
measured at currents from 10 to 80 mA, with the drive current axis aligned that of Fig. 5.5a. It 
can be seen that the LI curve kinks happen at the same currents as the mode hops. Parasitic 
cavities from non-zero back-reflections from the Silicon chip facets can be responsible for minor 
LI discontinuities (as explained in Section 5.2.2). A wc-slope efficiency s > 0.14 mW/mA was 
measured, corresponding to a maximum wc-wall-plug efficiency of > 8% at 40 mA (as shown 
in Fig. 5.5d). 

As the experimentally observed laser linewidths were smaller than the resolution limit of 
the OSA (0.01 nm), a self-heterodyne method [14] was used to shift the spectral information of 
the high optical frequencies to lower frequencies that can be measured with electronics. For a  

 
Figure 5.4 (a) Top-view microscope image of experimental setup. An overhanging RSOA chip (250 m 
long) on mount is butt-coupled to the external reflector Silicon chip, comprising a polymer SU8 waveguide 
vertically coupled to a Dispersion Adapted (DA) photonic crystal cavity. (b) SEM image of the DA PhC 
cavity; the inset shows the correspondence of the lasing wavelength (L  red curve) of an indicative compact 
laser configuration to a resonance in transmission (T  blue curve) of the Silicon reflector chip. 
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Figure 5.5 Characterization of compact external cavity laser with resonant external reflector comprising a 
DA PhC cavity with lattice constant  = 390 nm and fill factor r/  = 0.28. (a) Waveguide-coupled LI curve 
at room temperature, and (b) contour plot of normalized lasing spectra versus drive current and 
wavelength, with the current range matched to the x-axis of (a). (c) Lasing spectrum at 50 mA. An 
extinction ratio of <49 dB was observed. Inset: Self-heterodyne linewidth measurement spectrum (blue) 
with Lorentzian fit (red) centered at 55 MHz (the frequency of the AOM). A laser linewidth of ~4.5 MHz 
can was measured. (d) Wall-plug efficiency at room temperature as a function of drive current. 
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Figure 5.6 Setup for self-heterodyne linewidth measurement. The output of the laser is split into half with 
a 50/50 fiber-optic splitter. The two parts are sent through an acousto-optic modulator (AOM) driven at a 
constant frequency of 55 MHz and a fiber delay line of 10 km, respectively. The two uncorrelated parts are 
then combined again at 2x2 fiber-optic splitter and their beating is recorded by a high-speed photoreceiver 
(PD) connected to an electrical spectrum analyser (ESA). A fiber-optic polarization controller (PC) is used 
to ensure that the two beam parts maintain the same polarization. 

self-heterodyne measurement the output beam of the studied laser is split into two portions; one 
of them is sent through an acousto-optic modulator (AOM), which is driven at a constant 
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frequency and shifts all the optical frequency components by that frequency. The second portion 
is sent through a long optical fiber that provides time delay. The two portions are then 
superimposed and the resulting interference pattern is recorded using a photodetector. For 
sufficiently long time delays6, the two portions become uncorrelated, and thus the beam can 
interfere with a time delayed version of itself, as if they were the outputs of two independent lasers 
offset by the frequency of the AOM. The beating of the two portions is essentially a multiplication 
in the time domain and is therefore equivalent to a (self-)convolution in the frequency domain. 
Given the Lorentzian line shape of the two interfering portions, the resulting beat note is also a 
Lorentzian with a full width at half maximum (FWHM) linewidth exactly twice that of the 
original laser beam (as both considered portions have the same linewidth and all their frequencies 
interfere7) and centered at the frequency of the AOM [14]. 

The setup used for the self-heterodyne linewidth measurements during this project can 
be seen in Fig. 5.6. The output of the DUT was split in two parts using a 50/50 fiber-optic splitter. 
One portion of it was sent through an AOM driven at a constant frequency of 55 MHz and the 
second portion was sent through a fiber delay line of 10 km (a fiber length of 10 km was used to 
ensure that the two parts are uncorrelated). The two beam components were then combined at a 
2x2 fiber splitter and their beat note was recorded using a high-speed InGaAs photoreceiver (PD 

 at 38 GHz) connected to a 26.5 GHz Electrical Spectrum Analyser (ESA). The output spectra 
were centered at the frequency of the AOM (55 MHz) and their linewidth was twice that of the 
DUT (indicative spectrum shown in the inset of Fig. 5.5c). Linewidths down to 4.5 MHz for 
single-mode lasing with side-mode suppression ratio (SMSR) up to ~50 dB were observed at 
50 mA (Fig. 5.5c). 

 As for the long cavity configuration of Chapter 4, lithographic control of the lasing 
wavelength was also demonstrated for the compact EC configuration of this chapter by collecting 
the output from laser cavities comprising resonant reflector chips with different PhC resonances. 
The cavity resonances in this case were tuned by varying the lattice constant  of the employed 
DA PhC cavity design [12]. The lattice constant of the considered PhC cavities ranged from 

 = 382 nm to  = 388 nm (in steps of 2 nm) and their fill factor was r/  = 0.28. The lasing spectra 
(at room temperature) from the different EC laser cavities at a drive current of 22 mA can be seen 
in Fig. 5.7. A change in the emitted wavelength of the first lasing mode of each device can be 
observed, indicating that the examined compact external cavity configuration is a suitable 
candidate for WDM optical links. As in Chapter 4, the non-equidistant spacing of the lasing 
modes is a result of fabrication disorder and the lasing characteristics (differential quantum 
efficiency and slope efficiency) varied depending on the power reflectance of each Si resonant 
mirror device.  

                                                           
6 The criterion that needs to be satisfied for the two beams to be uncorrelated is that the delay length must 
be larger than the coherence length of the laser output (given by Lcoh = c/  , with  being the linewidth 
of the laser). 
7 The convolution of the two portions in this case can be seen as the integral of the pointwise multiplication 
of them [25]. 
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Figure 5.7 Lasing spectra for external cavity lasers utilizing resonant reflectors that comprise DA PhC 
cavities with different lattice constant . Spectrum d1 (yellow) corresponds to a lattice constant  = 382 nm, 
d2 (red) to  = 384 nm, d3 (blue) to  = 386 nm and d4 (green) to  = 388 nm, respectively. The inset shows 
an SEM image of a DA PhC cavity. Tuning the lattice constant  (indicated in red) results in variation of 
the cavity resonances (and resonant reflections). 

 

5.3.2 Alignment Tolerance 
 

As previously discussed, one of the main application fields that the laser discussed here is aimed 
to address are WDM inter- and intra-chip optical networks (optical interconnects). 
Consequently, the suitability of the examined laser configuration for integration with silicon 
planar optical circuits is of particular relevance. In the selected EC architecture, Si/III-V 
integration can be achieved by butt-coupling via flip-chip bonding the RSOA chip on the SOI 
reflector chip, as described in [3, 15, 16, 17]. The vertical coupling platform utilized in the 
reflector chip is particularly advantageous for flip-chip bonding. The low refractive index of the 
bus waveguide allows for large cross-sections that facilitate better mode-field matching (and thus 
lower coupling losses) at the interface with the RSOA. FIMMWAVE was used to simulate the 
mode profiles of the RSOA and the ~3 x ~2.1 m SU8 waveguides that were used for the 
experiments discussed in this chapter. A 1/e modal area of 4.51 m2 was calculated for the SU8 
polymer waveguide (Fig. 5.8b), in close match to the respective 4.55 m2 mode area of the 
employed RSOA (Fig. 5.8a). 

In order to achieve low-loss optical coupling with a flip-chip bonding configuration, the 
highly precise alignment of the two waveguides (the one of the RSOA and the one on the Silicon 
reflector chip) is also necessary. The RSOA-to-SU8 waveguide alignment sensitivity was 
therefore studied in the x, y and z directions (as these are indicated in Fig. 5.8a), both in 
simulations (using the FIMMPROP module by Photon Design) and experimentally. The 
waveguide structures used in the simulations were the same as the ones in the above described 
mode profile calculations. Single layer AR coating structures were considered on the facet of each 
waveguide at the RSOA-bus waveguide interface and the nominal maximum power coupling 
coefficient was found to be  ~0.86. The RSOA waveguide was then displaced from the maximum 
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Figure 5.8 (a) Near-field profile of the mode on the facet of the RSOA. (b) Near-field profile of the mode 
on the facet of the SU8 bus waveguide. 

coupling position with respect to the SU8 waveguide in steps of 0.1 m, and the power coupling 
was studied relative to its maximum value in each of the x, y and z directions.  

For the experimental part, the Silicon reflector chip was mounted on a single-axis 
translation stage and the RSOA on sub-mount was mounted on an individual 3-axis 
piezo-controlled precision stage. A lensed fiber was used at the output end of the examined SU8 
waveguide on the Silicon reflector chip to measure the power. The RSOA was actively aligned 
(for driving currents below lasing threshold) with the SU8 polymer waveguide under study, and 
the position of maximum coupling was found. Typical RSOA-to-SU8 waveguide coupling losses 
of < 1.3 dB were measured at optimum alignment. The RSOA was then translated in the x and y 
directions from the maximum coupling position with respect to the polymer waveguide, and the 
power coupling was measured relative to its maximum value, as in the simulations. In order to 
study the impact of the waveguide misalignment to the performance of the laser, the 
aforementioned procedure was repeated and the threshold current of the laser cavity was 
recorded at different positions. The translation of the RSOA in the z direction was equivalent to 
the change of the EC laser cavity effective length and consequently of the length of the parasitic 
cavities formed due to non-zero facet reflections (as discussed in Section 5.2.2). As a result, 
discontinuities in the threshold current as a function of z-offset and case-dependent behaviour 
were observed. For this reason, threshold current results are presented only as a function of 
misalignment in the x and y directions. 

Fig. 5.9a, 5.9b and 5.9e show indicative measurements of the normalized coupling 
efficiency as a function of lateral (y-direction), vertical (x-direction), and z-axis offset from the 
maximum coupling position, as well as the corresponding simulated results. Fig. 5.9c and 5.9d, 
respectively, show the threshold current measurement of a typical laser cavity as a function of 
lateral (y-direction) and vertical (x-direction) offset from the maximum coupling position at a 
given (optimal) RSOA-SU8 waveguide separation. The difference in the alignment sensitivity  
and consequently in the performance of the device  in the x and y directions, is attributed to the 
asymmetric mode profile of the RSOA (contrary to the more symmetric profile of the SU8 
waveguide  shown in Fig.5.8b and 5.8c), which leads to different matching (i.e. coupling) to the 
SU8 waveguide mode in the two directions. Respectively, the small discrepancy between the 
experimental and the simulated results in the x and y axes was because of slight variations in the  
 

(a) (b) 
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Figure 5.9 Experimental (black curve) and simulated (red curve) normalized power coupling coefficient 
as a function of (a) horizontal (y-axis), (b) vertical (x-axis), and (e) z-axis misalignment of the RSOA from 
the SU8 bus waveguide on the reflector chip, relative to the maximum coupling position. Threshold current 
as a function of (c) horizontal (y-axis) and (d) vertical (x-axis) RSOA-SU8 waveguide offset, relative to the 
minimum threshold current position. 

dimensions of the fabricated SU8 waveguides (~ 3.2 m x 2.15 m) with respect to the values 
considered in the simulations(3.1 m x 2.1 m). The larger deviation observed between the 
experimental and the simulated results in the z axis was due to the fact that FIMMPROP is not 
optimized for mode solution (and propagation) in free space. 

An increase of the coupling losses and of the threshold current of < 20% in the horizontal 
(y) direction and of < 15% in the vertical (x) direction was measured for a 500 nm misalignment 
from the optimal alignment position. Respectively, the measured increase in the coupling losses 
for the same offset (500 nm from the optimal alignment position) in the z direction was also 
< 15%. The experimentally observed alignment tolerances reveal the possibility for integration of 
the examined EC laser configuration by using chip bonding technology, for which similar 
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placement accuracies (±3  <1.3 m in the horizontal direction and ±3  < 0.9 m in the vertical 
direction) have been demonstrated [3, 17]. An additional advantage of the considered laser 
architecture is that the low-index bus waveguides on the Silicon reflector chip offer inherently 
high butt-coupling efficiency (through exhibiting low reflections and supporting large 
cross-sections). In this way, the need for using spot-size converting (SSC) or grating coupler (GC) 
structures is eliminated, a fact that simplifies not only the bonding, but also the design and 
fabrication processes.  

 

5.3.3 Thermal Stability 
 

As discussed in Chapter 1, precise wavelength control over a wide temperature range is a laser 
feature of key importance, especially in performance-demanding applications such as WDM 
optical interconnects. The motivation behind this necessity is the desire to avoid the use of active 
cooling and complicated control electronics for wavelength stabilization, in order to obtain 
higher energy efficiency and the potential for tighter WDM channel spacing (as explained in 
Sections 1.1 and 1.2). Given this situation, the performance and wavelength registration of the 
short EC laser presented in this chapter was studied at elevated temperatures. The selected 
configuration is of notable interest due to the inherently nonlinear behaviour of the photonic 
crystal cavity that is comprised in the Silicon reflector. Due to their ultra-high Q/V ratio [18], 
photonic crystal cavities can exhibit outstandingly high levels of stored energy (U), even for 
relatively low (sub-mW) levels of pumping power. This fact is of particular importance in 
photonic crystal cavities on Silicon platforms  like the ones considered in this project  as 
two-photon absorption (TPA) and free-carrier absorption (FCA) in Silicon are dependent on the 
intensity of the applied optical field [19], [20]. As a result, the large localized stored energy 
densities observed in Silicon PhC cavities can result in highly nonlinear behaviour. 

More specifically, according to the analysis presented in [20] and following the notation 
used in Chapter 2, the intrinsic decay rate8 of a PhC cavity 0 can be written in terms of its linear 
and nonlinear components as ( ) =  + + ( ) + ( )   (5.1) 

where rad is the decay rate due to radiation, C is the decay rate to the bus waveguide, and ( )  and ( )  are the averaged power/energy-dependent nonlinear decay rates 
corresponding to the two-photon and free-carrier absorptions, respectively. In the SOI platform 
considered in this project, and assuming the free-carrier absorption due to ionized dopants to be 
negligible, TPA is related to the imaginary part of the complex Kerr nonlinearity and is associated 
with a loss coefficient TPA that can be expressed as [19] = ( )     (5.2) 

where  is the TPA absorption coefficient (~0.5 cm/GW in Silicon at wavelengths near 1550 nm) 
and I(z) is the pump intensity along (z-axis) the considered structure. The total optical power 

                                                           
8 Here the decay rate is defined as the number of photons lost per unit time. 
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absorbed due to TPA in the effective volume of a resonant mode (V) of a PhC cavity for a given 
field distribution (i.e. at steady state) can therefore be described as [21]  = ∫ ( )           (5.3) 

with Aeff being the effective modal area and P(r) the power stored at a volume point r. The 
time-averaged decay rate due to TPA in the modal volume is thus                 (5.4) 

with I expressing the intensity of the field stored in the cavity.  

As every two photons absorbed via TPA lead to the appearance of an electron-hole pair, 
the rate of TPA-induced free carrier generation, assuming that the carriers are uniformly 
distributed inside the effective modal volume (V), is [19]  = ℏ −  .      (5.5) 

with N the number of free carriers, c the free-carrier lifetime (in the order of 400 picoseconds in 
oxide clad photonic crystals, like the ones considered in this project [22]), and 0 the resonant 
frequency of the PhC cavity. In this way and considering a steady state situation ( / =0), TPA 
gives rise to a population (N) of free carriers that in turn induces FCA, which plays an important 
role in the nonlinear behaviour of a PhC cavity. The FCA is associated with a loss coefficient FCA 
that can be expressed as [19] =          (5.6) 

with  being the material dependent free-carrier cross-section (  = 1.45 x 10-12 m2 in Silicon). In 
this way, analogously to Eq. 5.4, the time-averaged decay rate due to FCA can be described as          (5.7) 

The above discussion shows that TPA and FCA are related and they are both 
proportional to the modal confinement and the internal cavity energy U, and inversely 
proportional to the effective mode volume of the considered electromagnetic field in a PhC 
cavity [19, 20, 23]. The large energy densities that can be observed in the small volume of a PhC 
cavity lead to a change of the refractive index of the cavity, resulting in a power-dependent 
resonant wavelength. However, heating due to linear absorption is not the only factor responsible 
for that. The non-radiative recombination of the free carriers generated through the above 
described nonlinear processes (TPA and FCA) 
the PhC cavity. The heat is generated in a region that matches the spatial distribution of the 
resonant mode in the cavity9 as both TPA and FCA are dependent on the distribution of the 
electric field stored in the effective modal volume, producing one of the most effective nonlinear 
mechanisms of localized heating possible. Hence, the contributions of TPA (via the Kerr effect 
[19]), free-carrier dispersion and heating due to nonlinear absorption should be taken into 

                                                           
9 With a slight broadening caused due to carrier diffusion.  
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account (in addition to heating due to linear absorption) when the power/heat-dependent 
dispersion of the resonance of a Silicon PhC cavity is considered.  

The above described processes are of specific importance in the EC configuration 
examined in this chapter, as the reflector chip comprises a PhC cavity on SOI, the resonance of 
which defines the lasing wavelength (as explained in Chapters 2 and 4). The optical power (of the 
laser cavity) dissipated in the PhC cavity via TPA and FCA drives the temperature of the reflector 
significantly above ambient in a nonlinear fashion (as indicated by Eq. 5.4 and 5.7), resulting in 
a dependence of the lasing wavelength on the intra-cavity power stronger than in conventional 
lasers with similar output power/used in optical interconnect applications (but without actually 
negatively affecting the lasing threshold or efficiency as the Silicon reflector and gain chips are 
spatially separated). 

It can be therefore inferred that wavelength stability in the studied EC laser architecture 
can be achieved without active cooling, simply by tuning the lasing power. More particularly, a 
zero net shift of the emitted wavelength can be obtained if the laser power is appropriately 
increased at lower operating temperatures. The strong nonlinear dependence of the emitted 
wavelength to the intra-cavity power indicates that wavelength stabilization with this technique 
can be achieved in the EC design discussed in this chapter at a lower power penalty that in other 
respective laser designs. The suggested strategy will result in a slowly varying average power at 
the network, which can be compensated for through electronic signal conditioning. 

The aforementioned technique for wavelength stabilization was verified experimentally. 
The CW laser characterization at room temperature, described in Section 5.3.1, showed an 
emitted wavelength red-shift of ~2.5 nm for drive currents ranging between 15 and 80 mA. In 
order to explore the effects of temperature variations on the laser performance, the drive current 
was kept constant at 80 mA and the substrate temperature of both the RSOA and the Silicon 
reflector chips was swept (via the Peltier elements) between 20o and 80o C, in steps of 10o C. The 
measured lasing spectra can be seen in Fig. 5.10a, revealing a red-shift of the emitted wavelength 
of ~4 nm for the considered temperature increase. To achieve the stabilization of the emitted 
wavelength, the measurements were repeated for the same temperature range (between 20o and 
80o C, in steps of 10o C), but this time for a varying drive current (between 150 and 50 mA). More 
specifically, as the substrate temperature of the active and the passive chips was decreased, the 
laser drive current was increased, causing the heating of the PhC cavity on the Silicon reflector 
and resulting in a ±0.38 nm emitted wavelength variation (with a central wavelength of 
1550.85 nm) over the entire temperature span (Fig. 5.10b) for a laser output power increase by a 
factor of 9 (from ~1.4 mW of wc-output power at 80o C to ~13 mW at 20o C). 

The above experiments/measurements were repeated with a packaged monolithic InP 
distributed feedback (DFB) laser (CQF935/56 by JDS Uniphase) that is commonly used as an 
external light source in optical telecommunication applications. The measured emitted 
wavelength red-shift for the DFB laser over the same substrate temperature range (between 20o 
and 80o C) at a fixed drive current of 80 mA was ~6 nm (Fig. 5.10b). Fig. 5.10c shows a 
comparison of the wavelength dependence on emitted power for the two configurations (DFB 
and short cavity EC laser of this chapter). A linear dependence (with a slope of < 0.04 nm/mW)  
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Figure 5.10 (a) Lasing spectra at 80 mA for a temperature span of 60o C (from 20o to 80o C, in steps of 
10o C). A red-shift of the emitted wavelength of ~4 nm can be observed. (b) Emitted wavelength as a 
function of temperature for: a packaged DFB laser at a drive current of 80 mA (black triangles), a compact 
EC laser at 80 mA (green circles), and the same compact EC laser where wavelength stabilization is 
achieved by drive current tuning (from 150 mA to 50 mA, for 20o C through 80o C, respectively  red 
crosses). A ±0.38 nm emitted wavelength variation is observed for the power tuning technique. (c) Emitted 
wavelength as a function of the fiber-coupled output power for a packaged DFB laser (black rhombi) and 
a compact EC laser (red squares). The significantly stronger dependence of the emitted wavelength on the 
intra-cavity power can be inferred for the compact EC configuration. A compact external cavity laser with 
resonant external reflector comprising a DA PhC cavity with lattice constant  = 390 nm and fill factor 
r/  = 0.28 was considered for the above measurements. 

is observed for the DFB laser, contrary to the nonlinear trend that the EC laser exhibits (which 
results in a wavelength shift of >1.5 nm over a range of < 3 mW). It can be thus deduced that 
wavelength stabilization through output power tuning cannot be achieved equally effectively for 
the considered DFB configuration as for the studied EC laser. 

This assumption was confirmed experimentally, as an increase in the driving current of 
150 mA (from 50 to 200 mA) was required for the compensation of a temperature shift of 10o C 
(between 20o and 30o C) of the DFB laser (15mA/o C), whereas a drive current change of 100 mA 
compensated for a temperature shift of 60o C (between 20o and 60o C) of the EC laser. The 
significant difference is attributed to the difference in the type of the reflector in each 
configuration: the DFB laser utilizes Bragg gratings as reflectors (with the wavelength shift caused 
by the thermal expansion of the grating period), while the considered EC laser features a PhC 
cavity on the reflector. Due to its high Q-factor/V ratio, the PhC cavity exhibits a significantly 
smaller effective mode volume. It can be easily understood that, as the nonlinear heating is 
inversely proportional to the modal volume, wavelength stabilization through power tuning can 
be more easily achieved with PhC cavity reflectors rather than with Bragg gratings. 
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Another important comparison to make is with an analogous hybrid EC laser structure 
with a Silicon resonant reflector on the m scale. For this reason, the EC laser presented in [3] 
was considered, which utilizes a ring resonator as a wavelength selective element. The laser 
structure of [3]  exhibits comparable waveguide-coupled (wc) output power and wall-plug 
efficiency, and an emitted wavelength red-shift with ambient temperature (at constant drive 
current and without) of 0.0787 nm/o C that matches closely to the value of 0.0845 nm/o C 
obtained for the EC laser studied here10. In the absence of any information for the laser in [3] 
regarding the emitted wavelength dependence on output power or drive current, an estimation 
can be made based on the modal volume of the resonator in each laser cavity (assuming the same 
SOI platform for both reflector chips). Given that the modal volume of the employed ring 
resonator is ~20 m3, as compared to a modal volume of ~2 m3 for the PhC cavity used in my 
project, it can be inferred that a 10 times higher density of power stored in the resonator would 
be needed to achieve the same heating rate. This larger heat capacity indicates a much weaker 
dependence of the emitted wavelength on the output power, and thereby a significantly smaller 
potential for wavelength stabilization through power tuning (in comparison to the case where a 
PhC cavity is the wavelength selective element in an EC laser configuration). 

The highly nonlinear nature of the PhC cavity structure in the silicon reflector enables 
the effective stabilization of the emitted wavelength without active cooling, through tuning of the 
output power at a lowest power penalty, rendering the EC laser architecture presented in this 
chapter suitable for applications in which precise wavelength registration is of critical importance. 
However, the previously discussed experimental wavelength stability with a ±0.38 nm variation 
over a temperature span of 60o C (between 20o and 80o C) was achieved in the compact EC laser 
configuration under study for an output power decrease by a factor of 9. This result indicates the 
requirement for a datacommunication network/interconnection with a large dynamic range of 
operating power. In order to alleviate this requirement and improve the efficiency of the 
suggested wavelength stabilization technique, the removal of the Silicon substrate on the SOI 
reflector chip can be considered (e.g. by etching with XeF2), as shown in Fig. 11b. Fig. 5.11c and 
5.11d show the simulated thermal profile of a DA PhC cavity11 with Silicon (corresponding to 
the cross-section of Fig. 5.11a) and air substrate (corresponding to the cross-section of Fig. 5.11b) 
respectively, at room ambient temperature, for a stored power of 2 mW. It is apparent that in the 
absence of a substrate, the dissipation of the (nonlinearly) generated heat is less efficient, resulting 
in higher temperatures for the same levels of power stored in the PhC cavity. This is reflected on 
the comparison of the simulated PhC cavity temperature as a function of stored power in each 
case, shown in Fig. 5.11e. An enhancement of the heating mechanism by a factor > 2.5 can be 
observed, revealing the potential of undercutting to drastically reduce the power penalty required 
for the wavelength stabilization of the examined EC laser scheme. This increased sensitivity can 
be exploited to minimize the reduction in the average power variation required for the power 
tuning of the emitted wavelength, indicating the potential of using the EC laser configuration 

                                                           
10 In both cases no wavelength stabilization technique (active cooling or power tuning) was employed, and 
a temperature range between 20o and 60o C was considered, as that was the span examined in [3]. 
11 Simulation results obtained in COMSOL Multiphysics. The dimensions of the DA PhC cavity considered 
in the simulations were 10 m x 20 m, equal to the dimensions of the DA PhC cavities that were used in 
the experiments during the project. The corresponding modal volume was ~2 m3. 
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presented in this chapter in practical applications where precise wavelength registration/athermal 
operation is desired (e.g. WDM systems with dense channel spacing). 
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Figure 5.11 (a) Cross-section of the resonant reflector chip on SOI. (b) Cross-section of the resonant 
reflector chip on SOI with an undercut of the Silicon substrate underneath the PhC cavity. Thermal profile 
of the PhC cavity on the SOI resonant reflector chip with (c) a Silicon substrate (as shown in (a)), and (d) 
an air substrate (as shown in (b)), for a stored power of 2mW. (e) Simulated localized DA PhC cavity 
temperature as a function of stored power for Silicon (red) and air (blue) substrate. 

 

5.4 Discussion 
 

In this chapter I have presented the function and performance characteristics of a hybrid external 
cavity laser design consisting of a 250- m long RSOA die on submount and a Silicon resonant 
reflector with a PhC cavity vertically coupled to a dielectric bus waveguide. As in Chapter 4, a 
combination of SU8 polymer waveguides and Dispersion Adapted (DA) PhC cavities [12] was 
used on the reflector chips for technological convenience. Lasing thresholds around 12-13 mA 
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were observed for waveguide-coupled (wc) output powers up to 8.5 mW (at 80 mA) and 
wc-wall-plug efficiencies up to ~8.5 % (at 41 mA) at emitted wavelengths around 1550 nm. The 
short length of the laser cavity was employed as an inherent mechanism towards single 
longitudinal mode operation. A single mode laser linewidth of ~4.5 MHz was measured using a 
self-heterodyne technique and the observed side-mode suppression ratios (SMSR) were 
consistently in excess of 40 dB (reaching a maximum of 50 dB). Lithographic tuning of the 
emitted wavelength was demonstrated by shifting the lattice constant of PhC cavity in steps of 
2 nm, revealing the dependence of the emitted wavelength in the examined EC configuration on 
only the resonance of the PhC cavity on the reflector chip, as well as the potential of dynamically 
tuning the emitted wavelength of the laser by electro-optic modulation of the PhC cavity 
resonances, at ultra-low power budgets [24]. 

 The vertical coupling scheme selected for the reflector chip, apart from offering a 
solution to the problematic interfacing of Silicon PhC cavities (enabling thus their use in real-life 
application where footprint and a high Q-factor/V ratio are key features), allows the use of bus 
waveguides with low refractive index. In this way, the implementation of waveguides with larger 
cross-sections is possible, with modal areas (4.51 m2 for the SU8 waveguides considered in this 
chapter) that permit highly efficient butt-coupling with the RSOA waveguides (e.g. <1.5 dB to 
the RSOA waveguides with modal areas of 4.55 m2 considered in this chapter) or with single 
mode fibers, without the use of auxiliary structures (such as spot-size converters or grating 
couplers). A further RSOA-to-SU8 waveguide alignment sensitivity study revealed an  
experimental increase of the coupling losses and of the laser threshold current of < 20% in the 
horizontal direction and of < 15% in the vertical and z12 directions for a 500 nm misalignment 
from the optimal alignment position (in agreement with the results obtained from simulations). 
The above results indicate the possibility for integration of the proposed EC laser architecture in 
practical application platforms by chip bonding technology, for which similar placement 
accuracies (±3  <1.3 m in the horizontal direction and ±3  < 0.9 m in the vertical direction) 
have been demonstrated [3, 17]. 

Finally, apart from the small footprint and large FSR that it provides, the use of a PhC 
cavity-based reflector is particularly relevant for the stabilization of the emitted wavelength. PhC 
cavities can exhibit significantly high stored energy densities, leading to nonlinear heating due to 
TPA and FCA. The spatial extent of this heating is very similar to that of the optical mode of the 
cavity, resulting in a self-heating mechanism, inversely proportional to the modal volume [19], 
[20], that shifts the resonant wavelength of the PhC cavity. As the emitted wavelength in the 
examined EC architecture is dependent only on the PhC cavity resonance, this effect provides a 
route to achieving wavelength stability by tuning the output power (and therefore the power 
stored in the PhC cavity). In this way, a zero net shift of the emitted wavelength can be obtained 
if the laser power is appropriately increased (by simply increasing the drive current of the RSOA) 
at lower operating temperatures. Through  technique, wavelength stability 
with a ±0.38 nm variation around the central wavelength (1550.85 nm) was achieved over a 
temperature span of 60o C (between 20o and 80o C) for a laser output power decrease by a factor 
of 9. Owing to the fact that PhC cavities exhibit the ultimate Q-factor/V ratio [18], this strategy 
can be applied to the EC laser presented here at a much lower power penalty than for equivalent 
                                                           
12 The z-direction is defined along the axis of propagation of light in the considered waveguides. 
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configurations comprising Silicon reflectors based on structures with smaller Q-factor/V ratio 
(e.g. ring resonators) or on Bragg gratings. As a comparison, an analogous device presented in 
[3] achieves wavelength selectivity by utilizing a ring resonator, the modal volume of which is 
~20 m3  10 times larger than the modal volume of the PhC cavity used for this project. The 
potential of further improving the efficiency of the proposed wavelength stability technique by 
removing the Silicon substrate on the SOI reflector chip (e.g. by XeF2 etching) was studied in 
simulations. The dependence of the temperature of a DA PhC cavity to the stored power was 
simulated to increase by a factor of > 2.5 in the case of an undercut cavity, as compared to the 
case of a cavity with Silicon substrate, suggesting that undercutting can drastically reduce the 
power penalty required for the wavelength stabilization of the examined laser. The selected EC 
scheme is additionally beneficial for this wavelength stabilization method, as the spatial 
separation of the passive and the active parts ensures that the characteristics of the device 
(threshold current and efficiency) are not compromised. 

 Chapter 6 discusses the potential of including wavelength modulation functionality in 
the EC laser architecture proposed in this chapter, as well as its further potential.  
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Chapter 6 

Compact External Cavity Laser for Direct 
Frequency Modulation and Future Work 
 
6.1 Introduction  
 

One of the major goals towards the realization of complex Silicon Photonic systems is the 
monolithic integration of hybrid III-V/Silicon lasers with other functional components (passive 
or active) [1]. As discussed in Chapter 1, the power consumption in optical transceivers for 
data-links is roughly proportional to the modulation speed of an optical carrier. Wavelength 
Division Multiplexing (WDM) supports the transmission of multiple frequencies over one 
channel, allowing each frequency to be modulated at a much lower speed than that of a single 
frequency channel with the same bandwidth. It is thus considered to be the most energy efficient 
route for achieving the projected required bandwidth [2, 3, 4, 5, 6]. Resonator based active devices, 
can exhibit significantly low power consumption and driver delay through their ability to 
enhance light-matter interaction and effectively decrease the active device region size. In this way, 
they can easily exceed their counterparts in electrical interconnects (EI) in terms of performance, 
while their wavelength-selective nature is inherently suited for WDM applications [7]. The main 
disadvantage of resonance-based devices, however, is their sensitivity to the operating 
temperature. Consequently, matching the emitted wavelength of a laser source to the resonances  
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Figure 6.1 
employed laser (red) does not coincide with the resonances of the resonant component (the transmission 
spectrum Tx of which is shown in blue). 
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of optical components of this type dictates the use of active cooling and control electronics, 
resulting in additional complexity and increased power consumption, and thus hindering their 
wide employment in practical applications [4, 8, 9]. A graphic representation of this 

- Fig. 6.1. 

As electro-optic modulation is one of the most essential and fundamental functions of a 
Silicon photonic WDM optical network (and therefore also of a WDM optical interconnect), a 
significant amount of research has been put on tackling the above discussed problem of 

for resonant modulators through the use of software or less power 
consuming electronics [10, 11], in order to take advantage of the high energy efficiency that they 
can offer. In this chapter, I explore the potential of direct modulation in the compact EC laser 
configuration presented in Chapter 5, by using a tunable Dispersion Adapted (DA) Photonic 
Crystal (PhC) cavity [12] as the resonant reflector, with a pn junction extending into the PhC 
defect, as described in [13]. The inclusion of the pn junction allows the electro-optical 
modulation of the refractive index of the PhC cavity  and therefore of its resonant response  in 
a way that is explained in the following section. As the emitted wavelength of the EC laser is 
decided by the resonant wavelength of the PhC cavity, tuning of the latter translates to a direct 
frequency modulation of the examined laser, eliminating the need for matching the lasing 
wavelength to the resonant wavelength of the modulator when the device is employed in a link 
that features resonant detection. 

Similar approaches have been very recently demonstrated by Fujitsu [14] and Hewlett 
Packard [15], utilizing ring resonators as tunable elements in the laser cavity. In addition to the 
advantages of the vertical coupling scheme that have been discussed in Chapters 2 and 5, the 
attraction of PhC cavities for electro-optic modulation is their ultimate Q-factor/V ratio [16]: the 
total dissipated energy per bit in electro-optical modulators is = (1/2) , where C is 
the modulator capacitance and VDD is the supply voltage [17]. Owing to their ultra-small modal 
volume (V), PhC cavity-based modulators can exhibit very low capacitance (e.g. 5.6 x 10-18 F [18]) 
and thus a modulation power consumption of more than one order of magnitude lower than 
conventional ring resonators (sub-pJ/bit) [13, 18, 19]. Furthermore, PhC cavities typically have a 
large free spectral range (FSR), mitigating FSR-imposed limitations and significantly assisting 
channel scalability  in combination with the precise control of the PhC cavity resonances by 
lithographic tuning [20].  

The devices used for all the experiments in this chapter were designed by myself. The 
doping and p-n junction formation on the devices took place in Tyndall National Institute. The 
rest of the fabrication was done by myself in the University of St Andrews. The experiments for 
Section 6.4 were conducted by myself in the University of St Andrews, and by myself and 
Andrei P. Bakoz (affiliations: Cork Institute of Technology (CIT), Tyndall National Institute and 
ITMO University) in Tyndall National Institute. The experimental frequency modulation data 
presented in Fig. 6.9 were collected by Andrei P. Bakoz in Tyndall National Institute.  The 
material related to this chapter has been published in [21]. 
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6.2 Wavelength Tuning in Photonic Crystal Cavity Based 
Reflector 
 

As explained in Chapters 2 and 5, the emitted wavelength of the examined EC laser is determined 
by the resonant wavelength of the PhC cavity on the vertically coupled reflector. The broad IR 
frequency spectrum generated in the RSOA through amplified spontaneous emission (ASE) is 
launched in the bus waveguide on the reflector chip. Light at frequencies matching the resonances 
of the Silicon PhC cavity couples to the cavity mode from the waveguide mode. A part of the 
coupled light is lost due to scattering and absorption inside the cavity and the rest couples back 
into the forward and backward propagating modes of the waveguide, the latter acting as 
wavelength-selective feedback for the laser cavity. It is therefore apparent that tuning the 
resonant wavelength of the PhC cavity (e.g. from a wavelength 1 to a wavelength 2) can result 
in a shift of the emitted wavelength (from a wavelength 1 to a wavelength 2), which translates 
into a modulation of the optical intensity monitored in 1. An illustrated representation of the 
situation can be seen in Fig. 6.2. Tuning of the resonant wavelength ( ) can be achieved through 
a shift (perturbation) of the refractive index of the PhC cavity material ( n) that can be achieved 
optically, electrically or thermally. In all cases, the shift in the resonant wavelength (which can be 
a blue-shift if the refractive index decreases or a red-shift if the refractive index increases) is 
proportional to the change in the refractive index.  

 
Figure 6.2 Illustration of direct frequency modulation in the compact EC laser configuration. 
Transmission spectra depict the shift of the resonant wavelength of the PhC cavity on the reflector from a 
wavelength 1 (Tx  black) to a wavelength 2  red dotted), which induces the shift of the emitted 
wavelength from 1 (Lasing  blue) to 2 (Lasing  green dotted), respectively. 

 The most efficient method of inducing a change in the refractive index of a bulk medium 
is by utilizing electro-optic effects (i.e. by applying an electric field), as they involve little or zero 
current flow and thus can offer low power operation. The application of an electric field to a 
material can result in a change in the real (electro-refraction) or in the imaginary part 
(electro-absorption) of the refractive index. The primary electro-optic effects that are useful in 
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semiconductor materials are the Pockels effet (linear electro-optic effect1) and the Kerr effect 
(quadratic electro-optic effect1) for electro-refraction, and the Franz-Keldysh effect for 
electro-absorption. However, the Pockels effect is absent from Silicon (due to its inversion 
symmetry) and the Kerr and Franz-Keldysh effects, though present, are very weak in it [22, 23]. 

 In the absence of a strong electro-optical effect in Silicon, an alternative way of achieving 
the modulation of the refractive index in it is the plasma dispersion effect [24]. The plasma 
dispersion effect is related to the density of free carriers in a semiconductor, the change of which 
causes a change in the imaginary part of the refractive index (i.e. the absorption) in the 
semiconductor. This change can in turn affect the real part of the refractive index, with the 
relationship described by the Drude-Lorenz equations. Based on this fact, Soref and Bennett used 
optical absorption curves in literature and numerical analysis to evaluate the refractive index 
change ( n) in Silicon for a wide range of electron-hole densities [22]. It was thus shown that the 
plasma dispersion induced n in Silicon is two orders of magnitude higher than the n due to 
the Kerr effect and the Franz-Keldysh effect, indicating that the plasma dispersion effect can be 
employed for the realization of modulator components in Silicon. They also produced empirical 
expressions for the relationship between the change in refractive index and absorption coefficient, 
and the change in the free carrier concentration in Silicon, for the communications wavelengths 
of 1.3 relationships are now universally used for the evaluation of plasma 
dispersion-based optical modulation in Silicon [24] and are given by  = + = −[6.2 × 10  + 6.0 × 10  ( ) . ]   (6.1) = + = 6.0 × 10  + 4.0 × 10         (6.2) 

at  = 1.3 m, and by  = + = −[8.8 × 10  + 8.5 × 10  ( ) . ]  (6.3) = + = 8.5 × 10  + 6.0 × 10          (6.4) 

at  = 1.55 m. Ne and Nh express the change in free electron and hole concentrations, while 
ne and nh express the change in the refractive index resulting from Ne and Nh, respectively. 

Finally, e and h express the change in the absorption coefficient as a result of Ne and Nh. 
In order to qualify this effect, a change in the carrier concentration of the order of 

Ne = Nh = 5 x 1017 cm-3 is considered, which can be easily produced by passing a current 
through Silicon. The material refractive index change caused by this N at a wavelength of 1.55 

m is n = -16.67 x 10-4, which is sufficient for practical modulation applications in Silicon [24]. 

 Plasma dispersion effect modulation in Silicon is typically achieved by forming a pn or 
a p-i-n junction in (or around) the effective modal volume of the optical component under 
consideration. Carrier plasma dispersion-based modulators on Silicon are divided into two main 
categories: injection type modulators and depletion type modulators. In the first case, the 
junction is forward biased and the applied voltage injects free carriers in it, causing a decrease in 

                                                           
1 
Pockels effect describes the refractive index change that is proportional to the electric field, while the Kerr 
effect describes the refractive index changes that is proportional to the square of the electric field. 
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the refractive index of the Silicon in the modal volume. In depletion type modulators, the 
junction is reverse biased and the application of voltage depletes the excess free carriers from the 
junction, resulting in an increase of the refractive index in the modal volume. The modulation 
speed of injection type modulators is typically limited to a few GHz by the free carrier lifetime in 
the junction [18, 25]. On the other hand, the speed in depletion based configurations is mainly 
determined by the RC constant of the junction and can by significantly higher [26, 27, 28]. 

 Finally, refractive index modulation in Silicon can be achieved thermally, as a result of a 
local change in temperature. The thermo-optic coefficient in Silicon is dn/dt = 1.86 x 10-4/K, 
corresponding to a temperature change of 9 oC for a n of 16.74 x 10-4 [24]. Even though this 
change is comparable in magnitude to the change induced by the plasma dispersion effect as 
shown previously, thermo-optic modulation is a much slower process (limited to modulation 
bandwidths in the MHz order) and therefore is primarily used for wavelength-tuning 
applications.  Aiming at exploring the potential of the EC configuration of Chapter 5 for 
high-speed direct frequency modulation, the plasma dispersion effect was utilized for the 
experiments presented in this chapter. 

 

6.3 The Laser Cavity 
 

6.3.1 Design Description 
 

The EC laser architecture examined in this chapter is almost identical the one presented in 
Chapter 5: a RSOA die on mount was butt-coupled to a bus waveguide that was vertically coupled 
to a Silicon PhC crystal cavity on an external reflector chip. The gain chip was again a 250- m 
long InP ridge optical amplifier with AlGaInAS quaternary quantum wells (QW), mounted on a 
ceramic tile with its front end overhanging, as in Chapter 5. The back facet of the RSOA die was 
HR-coated with power reflectance R > 90%, while its front facet was coated with a multi-layer 
AR-coating to minimize back-reflections. A polymer SU8 waveguide (~3 m x ~2.1 m) vertically 
coupled to a DA PhC cavity on SOI [12] was used on the external reflector chip in this case too. 
Both facets of the bus waveguide were coated with single-layer MgF2 AR coatings. Unlike the 
configuration presented in Chapter 5, however, the resonant reflector chips used in the 
experiments of this chapter comprised a p+pnn+ junction extending into the DA PhC defect, as 
described in [13]. A schematic representation of the laser cavity and of the Silicon-based resonant 
mirror is given in Fig. 6.3a and 6.3b, respectively.  

The lasing mechanism is the same as described in Sections 4.2 and 5.2. As previously 
explained, the emitted wavelength of the EC laser examined here is decided by the 
narrow-bandwidth (sub-nm/few-pm) reflection of the resonant mirror at resonance of the PhC 
cavity on it. More specifically, following the notation of Section 2.5, the lasing wavelength is 
determined by the phase matching condition2  

                                                           
2 Using the formula for a Fabry-Pérot (FP) cavity, as for a two-mirror semiconductor laser. 
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 2  +  ( ) = 2            (6.5) 

where k = 2 lasing is its wave vector,  and  are the effective refractive indices of the active 
and the passive regions respectively,  is the length of the active region, and ( ) is the 
effective passive length that also depends on the wavelength-dependent phase contribution of the 
PhC cavity. On this basis, a change in the resonant wavelength of the PhC cavity causes a change 
(in the k and Leff terms) of the phase matching condition (Eq. 6.5), and consequently a shift of 
the frequency of the longitudinal mode that lases. It is therefore understandable that direct 
frequency modulation of the proposed EC design at a given drive current can be achieved through 
the plasma dispersion modulation of the PhC cavity in the external reflector. The fabrication 
details of the tunable resonant mirrors are given in the following section.  

HR coating

RSOA PhC cavity

AR coating AR coatingbus waveguide

(a)

(b)

S

R1 R2

 
Figure 6.3 (a) Schematic representation of the compact external cavity laser configuration discussed in this 
chapter. The laser cavity is formed by butt-coupling a III-V-based Reflective Semiconductor Optical 
Amplifier (RSOA) to an external reflector chip (S), comprising a bus waveguide vertically coupled to a 
Silicon PhC cavity embedded in a pn junction, that provides tunable wavelength-selective optical feedback 
(R2). The rear facet of the RSOA is HR-coated, acting as the second mirror of the laser cavity (R1). 
AR-coatings are used on the front facet of the RSOA and on both facets of the Silicon chip to minimize 
back-reflections. Tuning of the cavity resonance through the plasma carrier effect corresponds to 
modulation of the emitted wavelength. (b) Three-dimensional representation of the employed external 
resonant reflector. A bus waveguide is vertically coupled to a PhC cavity with a pn junction extending in 
its defect. The red and blue regions represent the n- and p-doped regions of the pn junction. 
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6.3.2 Tunable Resonant Reflector Fabrication 
 

Although the resonant reflector devices used for the experiments of this chapter were broadly 
similar to the ones used in Chapters 4 and 5, the inclusion of pn junctions dictated some 
additional fabrication steps. The complete process flow is presented in this section for completion. 

As in all previous cases, the tunable reflector devices were fabricated on the 220 nm SOI 
platform. The ion implantation process for the creation of the p+pnn+ junctions took place in 
Tyndall National Institute on a wafer scale and the details of each step can be found in 
Appendix A. The processing begins with a 4-inch SOI wafer being given a CMOS pre-oxidation 
clean and spin-coated with a 750-nm layer of ZEP 520A. Alignment marks (defining the exact 
position of the junctions) are patterned on the resist using electron-beam lithography (Fig. 6.4a).  
After developing, dry-etching and stripping of the resist used for e-beam lithography, the wafer 
is spun with a 1.1- m thick layer of Fujifilm HiPR6512 positive photoresist. Using the alignment 
marks as a reference point, ion implantation windows are defined in the appropriate areas of the 
wafer by projection lithography (Fig. 6.4b).  The exposed wafer is developed in OPD5262 and 
ions are implanted in the exposed areas, as described in Section 3.4. The wafer is then stripped 
from the remaining resist. 

The implantation window patterning, the ion implantation, and the wafer cleaning steps 
are repeated for as many cycles as the number of the different dopants and doses desired. For the 
pn junctions used in this project, the wafer underwent four doping cycles - p+, n+, p and n, in the 
order mentioned (Fig. 6.4c). Boron ions were used for the p+ and the p-type doping, and 
Phosphorus ions for the n+ and n- type doping. The wafer is then annealed at 1050o C for 15 
seconds for the activation of the dopants and the formation of the actual junctions. The detailed 
process flow of the implantation process can be found in Appendix A. Upon the formation of the 
junctions, the wafer was diced in dies (which will be referred to as samples for convenience). Each 
sample corresponds to a projection lithography reticule. The subsequent processing of the 
samples took place in the University of St Andrews on a die scale and the process flow was similar 
to the one presented in Section 3.2.  

 The desired pattern (including the PhC cavities) on each sample is exposed on 
positive electron beam resist (ZEP 520A) using e-beam lithography (Fig. 6.4d -point 

ference points3 is employed to ensure 
that the center of each PhC cavity coincides with the center of the depletion region of each pn 
junction. As in all previous cases, the Dispersion Adapted (DA) PhC cavity design [12] was 
employed for this part of the project too. Upon development, the defined pattern is transferred 
on Silicon by Reactive Ion Etching (RIE) (Fig. 6.4e). Following resist stripping and Piranha 
cleaning, a ~140-nm-thick Spin-on Glass (SOG) cladding layer is spin-coated and hard-baked on 
top of each sample, filling the holes of the photonic crystal, and the alignment mark regions are 

(Fig. 6.4f). In the next step of the process flow, electrical 
vias are etched into the 140-nm thick SOG layer using photolithography and RIE, and metal 

                                                           
3 Ultraclean Super-Tack, zero-residue tape is used to ensure that the regions where the alignment marks 
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contacts are formed by depositing ~300 nm of aluminium (Al) using electron-beam physical 
vapour deposition (EBPVD) and lift-off, as described in Section 3.7 (Fig. 6.4g). 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
 

Fig. 6.4 Fabrication process flow of tunable resonant devices: (a) A 4-inch SOI is given a CMOS pre-oxidation clean 
and is spun with positive e-beam resist  ZEP 520A. Alignment marks are exposed on the resist by e-beam lithography. 
The wafer is developed in ZED-N50, and ZEP is removed from the exposed regions. Silicon is etched away from the 
uncovered parts by Reactive Ion Etching (RIE) and the desired pattern is transferred on the Silicon layer of the wafer. 
The patterned wafer is then stripped from the remaining resist and cleaned. (b) The wafer is spun with positive 
photoresist  Fujifilm HiPR6512. Ion implantation windows are exposed on the resist by projection lithography. The 
exposed wafer is developed and ions are implanted in Silicon at the exposed windows. The wafer is then stripped from 
the remaining resist and cleaned. (c) The implantation widow patterning, ion implantation and wafer cleaning steps 
(shown in (b)) are repeated for as many cycles as the number of different dopants and doses desired. For the devices 
used here, the wafers underwent four doping cycles: n+ (dark blue), p+ (maroon), n (light blue) and p (red). The wafer 
is then diced in dies/samples (corresponding to the projection lithography reticules). (d) Each sample is spun with ZEP 
520A and the desired pattern (PhC cavities) is exposed on it by e-beam lithography. A 3-point alignment method using 
the alignment marks is utilized to ensure that the centre of the depletion region of each pn junction would coincide 
with the centre of each PhC cavity. (e) The sample is developed and the exposed pattern is transferred to Silicon by 
RIE. The patterned sample is stripped from the remaining resist and cleaned. (f) The sample is clad with SOG and the 
thickness of the SOG layer is reduced by RIE. (g) Electrical vias are etched through the SOG layer and electrical contacts 
are formed using lift-off. (h) The alignment-mark parts are covered, and the sample is spun with SU8 polymer. 
(i) Utilizing a 3-point alignment method, SU8 polymer waveguides are formed by electron-beam lithography and 
development in EC-solvent.  
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  As a final step of the process, the bus waveguides are fabricated on top of the oxide-clad 
photonic crystal cavities. As previously, a ~2.1- m-thick SU8 layer was used for the waveguides 
in this part of the project, and the areas with the alignment marks are covered with zero-residue 

Fig. 6.4h). The waveguide design is transferred on 
the SU8 polymer via e- -point alignmen
the alignment marks on the Silicon layer as reference points) to ensure that that waveguides are 
located in the desired positions above the cavities. After a 3-minute post-exposure baking at 100 
0C, the waveguides are formed by development in EC solvent (Fig. 6.4i). Further details on the 
above described fabrication steps can be found in Chapter 3 (particularly in Section 3.2). Once 
all the above steps are completed, the sample is cleaved (typically along a plane perpendicular to 
the direction of propagation of light in the waveguide) to form a chip with waveguide facets of 
good optical quality. In order to further reduce facet back-reflections, a ~280nm layer of MgF2 
(n  1.37) is deposited by Electron-Beam Physical Vapour Deposition (EBPVD) on both ends of 
the bus waveguide as an Anti-Reflection (AR) coating, as described in Chapter 3. 

30 m

68 m

22 m

(a) (b)

(c)

n+

p+

n

p

(d)
 

Figure 6.5 (a) Schematic representation of PhC cavity and pn junction. The different doping regions are 
shown in different colours: p+ in maroon, n+ in dark blue, p in red, n in light blue. The electrical vias are 
shown in yellow. (b) Position of p+pnn+ junction relative to the field distribution (Ey) of the first order 
mode of a DA PhC cavity. (c) Complete view of a tunable resonant reflector device. The doping regions 
are designed to keep the electrical vias and metal electrodes on the same side of the bus waveguide (in 
green). (d) Position of metal electrodes (in grey) with respect to electrical vias (in yellow). 

Fig. 6.5a shows a schematic representation of the position of the doped regions relative 
to that of the DA PhC cavity, while Fig. 6.5b shows the position of the p+pnn+ junction relative 
to that of the optical mode of the cavity. A p+pnn+ configuration was selected as it is suitable for 
both depletion and injection type modulation. The gap between the p+ and the n+ regions was 
chosen to be 10 m and was occupied by the p- and n-doped regions, each of which was 5 m 
long. This design was selected to reduce the contact resistance and the diode resistance, while 
maximizing the overlap between the optical mode of the cavity and the depletion region of the 
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junction (Fig. 6.5b). At the same time, it can limit the overlap between the high intensity regions 
of the PhC cavity modes (that mainly lie in the cavity defect  Fig. 6.5b) with the highly doped 
regions (p+ and n+), which would result in higher free carrier absorption losses. The doping 
concentrations for the p+ and n+ doped regions were 6 x 1014 cm-3 and 3 x 1014 cm-3. Respectively, 
the dopant density4 for the p- and n-doped areas was 6 x 1012 and 1 x 1013. The higher density for 
the p+ and the n-doped parts was chosen to compensate for the additional resistance that arises 
from the larger area of those parts (as seen in Fig. 6.5a). 

The doping regions were designed to keep all the electrical vias and contact pads on the 
same side of the bus waveguide (Fig. 6.5). In this way, the existence of a contact layer on the bus 
waveguide is avoided, preventing the severe losses that the metal would introduce in the 
propagating optical field. Electrical vias (their position can be seen in Fig. 6.5a) are opened to 
help the metal contacts (which otherwise lie on the SOG layer) reach the high-doped regions. The 
ground electrode covers the vias on the p+ region, while the central (signal) electrode covers the 
vias on the n+ region. The relative position of the windows for electrical vias and electrodes can 
be seen in Fig. 6.5d. The contact pads were arranged to also assist the use of high speed 
ground-signal-ground (GSG) microwave probes: the electrodes are designed to match a typical 
pitch (100 m) of a 50  RF probe, and their width and separation is impedance-matched to a 
coplanar waveguide transmission line to eliminate reflections of the RF signal (Fig. 6.5d). 

 

6.4 Experimental Setup and Characterization 
 

As in all previous parts of the project, the transmission of the active resonant mirror chips used 
in this part was measured prior to their employment in the experiments of this chapter. For this, 
the method described in Section 4.3 and the optical setup of Fig. 4.2a were used. For the DC 
characterization of the devices, a Keithley 2450 SourceMeter and a pair of needle probes on SUSS 
Microtec PH100 probe positioners were added on the existing optical setup (as shown in 
Fig. 6.6). Respectively, for the CW characterization of the compact EC laser cavity, the setup of 
Fig. 5.3 was used. During uncooled CW operation, threshold currents as low as 9 mA in the 
C-band and single mode lasing linewidths < 10 MHz were observed  in agreement with the 
results presented in Chapter 5. 

 The diodes of the tunable resonant mirrors were characterized by up-sweeping the bias 
voltage across the pn junction of each device and measuring the corresponding current flow. An 
initial voltage sweep up to 12 V was necessary to  the contacts. Indicative IV curves 
before and after activation for a device comprising a DA PhC cavity with lattice constant 

 = 390 nm and fill factor r/  = 0.28 (r the radius of a hole) and a 5- m-long pn junction can be 
seen in Fig. 6.7a. Injection type modulation (i.e. forward biasing of the junction) was considered 

                                                           
4 Even though doping induces free carrier losses, it has been reported that Q-factors of > 40000 can be 
achieved even with carrier densities of the order of 1018 cm-3 at the centre of a PhC cavity [29]. It can be 
thus deduced that the doping densities used here do not significantly deteriorate the performance of the 
devices. 
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in the work presented here, therefore IV curves for positive voltages are shown. The observed 
cut-in voltage is < 1 V (more precisely around 0.7 V), in agreement with typical values for Silicon 
diodes (~0.6  0.7 V). The forward resistance of the junction is relatively high (~15 kk ), 
attributed mainly to the high resistance of the metal-Silicon contacts.  

The transmission spectra of the above described tunable vertically coupled bus 
waveguide-Silicon PhC cavity system were measured for different bias voltages. Fig. 6.7b shows 
the resonant wavelength shift (in transmission) as a function of the voltage applied in the pn 
junction. As a forward biased configuration is used, excess carriers are injected in the depletion 
region of the junction, reducing the refractive index and causing a blue-shift of the resonant 
wavelength. However, with the increase of the applied voltage the depletion region of the junction 

the junction, resulting in a current flowing through the diode. This current flow increases the 
local temperature of the junction  and consequently of the centre of the PhC cavity  causing a 
red-shift of the resonant wavelength, as a result of the thermo-optic effect. These two shifts 
(blue-shift from carrier injection and red-shift due to current flow) tend to counteract; above 
some voltage (here ~2 V), the influence of the thermo-optic effect becomes stronger than that of 
the electro-optic effect (i.e. carrier injection), delivering a net red-shift, as can be seen in Fig. 6.7b. 
The observed wavelength shift was relatively small (with respect to Eq. 6.3), a fact that was 
attributed to poor device performance (which can be a result of poor pn junction performance 
or misalignment of the PhC cavity relative to the junction). 

PDDSO
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S AL3 AL4AL1 AL2
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SourceMeter
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PP2

 
Figure 6.6 (a) Experimental setup for DC characterization of the tunable resonant reflector devices. 
ASE: amplified spontaneous emission broadband source, AL (1-4): compact aspheric lenses, PBS: 
polarizing beam splitter, S: silicon chip/tunable photonic crystal cavity based reflector, PP (1-2): probe 
positioners connected to a Keithley 2450 SourceMeter, DSO: digital sampling oscilloscope, PD: 
photodetector, OSA: optical spectrum analyser, SMF: single-mode fiber. 
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Figure 6.7  resonant 
wavelength shift (in transmission) as a function of bias voltage, for a polymer waveguide vertically coupled 
to a Silicon DA PhC cavity with lattice constant  = 390 nm and fill factor r/  = 0.28, embedded in a pn 
junction. 

6.4.1 Direct Frequency Modulation 
 

For the demonstration of the suitability of the examined configuration for direct frequency 
modulation, the emitted wavelength of an EC laser device comprising the aforementioned  
resonant reflector was modulated through tuning the resonant wavelength of the PhC cavity on 
the Silicon chip. The (injection type) modulation of the PhC cavity resonance was achieved by 
forward biasing the pn junction in which the cavity is embedded and varying the applied voltage. 
A sine wave-function generated by a signal generator was used to drive the PhC cavity, and the 
electrical signal was applied to the metal contacts of the resonant reflector device by a pair of 
needle probes on SUSS Microtec PH100 probe positioners. An additional DC bias (provided by 
a power supply) was added via a bias T. The schematic of the complete laser cavity and of the 
equipment used for its modulation can be seen in Fig. 6.8a, while 6.8b shows a microscope image 
of the compact EC laser cavity with a tunable PhC cavity-based resonant reflector. 

 The EC laser drive current was kept constant at 30 mA (corresponding to single mode 
operation with a SMSR > 46 dB) and a forward DC bias of VDC = 2.6 V was used. The emission 
of the laser was collected with a lensed fiber at the output of the Silicon reflector chip (as for the 
experiments of Chapter 5), and heterodyne detection was employed for the observation of the 
frequency modulation of the device under study. The setup of the heterodyne measurement can 
be seen in Fig. 6.8c. Similar to the case of the self-heterodyne linewidth measurement described 
in Chapter 5, for the heterodyne detection, the modulated output of the studied laser is 
superimposed with the output of a narrow-linewidth tunable laser, which is tuned to match the 
central emitted wavelength of the laser under study (i.e. the emitted wavelength at VDC  here 
VDC = 2.6 V), and the resulting interference pattern is recorded using a fast Digital Sampling 
Oscilloscope (DSO). As the outputs of the two lasers are uncorrelated, the tunable laser acts as a 
frequency reference and the bandwidth of the obtained beat note corresponds to the modulation 
bandwidth of the output of the studied laser (i.e. the frequency/wavelength shift of the modulated 
laser above and below a central reference frequency). 

 For the measurements during this project, the output of the examined directly modulated 
compact EC laser (as shown in Fig. 6.8a
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narrow-linewidth (<300 kHz) tunable laser at a 3x3 fiber-optic splitter. The reference laser was 
tuned to match the central emitted wavelength of the EC laser (i.e. the emitted wavelength at 
VDC = 2.6 V) at 1545.57 nm. Their beating was observed at the output of the splitter using a 
Thorlabs Power Meter (PM), a fast (100 GS/s, 33 GHz) digital sampling oscilloscope (DSO) and 
an optical spectrum analyser (OSA). 
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Figure 6.8 (a) Schematic representation of compact EC configuration for direct frequency modulation and 
experimental equipment for the modulation of the resonant wavelength of the PhC cavity. A signal 
generator and needle probes on probe positioners (PP1 and PP2) were used to drive the pn junction on the 
Silicon reflector chip. A DC bias was added with a bias T. (b) Top-view microscope image of compact EC 
laser device for direct frequency modulation. An overhanging RSOA chip (250 m long) on mount is butt-
coupled to the external reflector Silicon chip, comprising a polymer SU8 waveguide vertically coupled to a 
Dispersion Adapted (DA) photonic crystal cavity that is embedded in a pn junction. The tips of the needle 
probes used to apply the driving voltage can be seen on the metal electrodes. The inset shows a SEM image 
of a DA PhC cavity: the blue and red regions indicate the p- and n-doped regions of the pn junction. (c) 
Setup used for heterodyne detection. The output of the studied modulated EC laser (as shown in (a)) is 
combined at a 3x3 fiber-optic splitter with the output of a tunable laser that is tuned to match the central 
emitted wavelength of the EC laser (i.e. the emitted wavelength at the DC bias voltage, VDC). Their beat 
note is observed using a power meter (PM), a fast digital sampling oscilloscope (DSO) and an optical 
spectrum analyser (OSA). A fiber-optic polarization controller (PC) is used to ensure that the two beam 
parts maintain the same polarization. 

PC 
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Figure 6.9 Heterodyne detection of the frequency modulation of the output of the compact EC 
configuration examined in this chapter by a sine waveform with frequency (a) 10 kHz (corresponding to a 
frequency shift v = 4.3 GHz), and (b) 100 kHz (corresponding to a frequency shift v = 2.2 GHz). 

A peak-to-peak voltage Vpp = 4 V was used. Fig. 6.9a and 6.9b show the heterodyne 
spectra of the modulated EC laser for a sine waveform frequency of 10 kHz and 100 kHz 
(0.1MHz). The corresponding frequency bandwidths of the output signal were v = 4.3 GHz 
(i.e.  = 34.5 pm) and v = 2.2 GHz (i.e.  = 17.6 pm), respectively. A further increase of the 
frequency of the driving sine waveform resulted in an even smaller frequency shift of the 
wavelength emitted by the studied EC laser. In carrier injection schemes, modulation frequency 
limitations typically arise by the free carrier lifetime in the depletion region of the pn junction. 
However, as discussed in Chapter 5, the photon lifetime in oxide clad cavities is of the order of 
100s of picoseconds [30], corresponding to modulation speeds of a few GHz. It can thus be 
inferred that the modulation speed of the device examined here is not fundamentally limited by 
the optical design (i.e. the employed PhC cavity); the speed limitations can be attributed to a 
combination of the electrical setup/design used (e.g. impedance mismatch and high electrical 
signal reflections due to the use of needle probes) and the poor device performance (pn junction 
misalignment with respect to the centre of the PhC cavity and high contact resistance  both are 
issues that can be very easily overcome in a CMOS fabrication facility). The AC power consumed 
for the modulation of the EC laser is given by PAC = /R, where Vrms is the root mean square 
voltage of the driving signal. Given that the driving wave-function employed here is sinusoidal, 
Vrms = Vpp/ 2√2 . For Vpp = 4 V and R = 15 kk , the AC power consumption is 133 W or 
~1.33 nJ/bit for a modulation frequency of 100 kHz. The total power consumed for the 
modulation of the examined EC laser (including the 2.6 V of the DC bias) is ~247 W. The high 
power consumption results from the high resistance of the current device and the impedance 
mismatch due to the use of needle probes. 

 

6.5 Discussion 
 

In this chapter, I have explored the potential of the EC laser design examined in this thesis for 
direct frequency modulation. Similarly to the configuration presented in Chapter 5, the laser 
cavity used here consisted of a 250- m long III-V RSOA die on submount and a Silicon resonant 
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reflector with a bus waveguide vertically coupled to a PhC cavity that was embedded in a 
pn junction. As in all the previous parts of this project, a combination of SU8 polymer waveguides 
and Dispersion Adapted (DA) PhC cavities [12] was used on the resonant reflector chips here. 
The CW functionality and performance of the examined EC laser devices were in good agreement 
with the results presented in Chapter 5.  

 As the emitted wavelength in the design discussed in this project is dependent on only 
the resonance of the PhC cavity on the reflector chip, direct frequency modulation of the laser 
was achieved through tuning of the resonant wavelength of the DA cavity. The chosen 
mechanism for that was the carrier dispersion effect, which was implemented by injection type 
modulation of the pn junction that the PhC cavity was embedded in. Direct frequency 
modulation of the examined EC laser at modulation speeds up to 100 kHz (limited by the 
employed electrical setup and the device performance) was achieved by forward biasing of the 
diode on the resonant reflector with a peak-to-peak voltage of Vpp = 4 V and a DC bias voltage of 
VDC = 2.6 V, for a constant RSOA drive current of 30 mA.  

In addition to the advantages of the proposed EC configuration that were discussed in 
Chapter 5 (Section 5.4), the potential for direct modulation through tuning of the resonant 
reflector offers a solution to the wavelength matching problem (if appropriately combined with 
resonant detection, as described in Section 6.1) and paves the way to the less-complicated 
employment of resonant modulation in practical applications5. Even though the modulation 
performance demonstrated here is not optimal (low speed and high total power consumed), the 
possibility for modulation of the employed vertically coupled bus waveguide-PhC cavity system 
of the resonant reflector at much higher frequencies (up to 1 Gbps) and much lower consumed 
power levels (PAC = ~0.6 fJ/bit) has already been presented in [13]. The use of a PhC cavity as the 
tunable element of the examined laser architecture is particularly advantageous: owing to their 
high finesse, PhC cavities can combine ultra-small footprint and narrow resonance linewidth, 
with large FSR. In this way, lower capacitances (i.e. lower switching energies), and higher channel 
scalability and density can be achieved with this architecture, as compared to configurations 
utilizing other types for resonant reflectors (e.g. ring resonators or Bragg gratings). Moreover, 
the studied in this chapter EC laser can be integrated with active and passive components 
demonstrated in the vertically coupled platform [13, 31, 32] for the realization of more complex 
power-efficient Silicon Photonics systems. For all the aforementioned reasons, the proposed 
scheme is an appealing solution for WDM operation in optical interconnects. 

 

6.6 Improvements and Future Work 
 

The work presented in this chapter  and in general in this thesis  was primarily aiming at 
exploring and demonstrating the potential of using the vertically coupled bus waveguide-PhC 
cavity system as a resonant reflector for an EC laser design that would be suitable for direct 
frequency modulation. As a result, a number of features are still open to further investigation and 

                                                           
5 As it simplifies the control software and electronic circuitry required otherwise. 
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optimization. In this section, I discuss some relevant research topics that can be undertaken in 
the future. 

 

6.6.1 Optimization of Direct Frequency Modulation 
  
As described earlier in this chapter, a pair of needle probes was used to apply the modulated 
electrical signal to the metal contacts of the tunable resonant mirror in the examined EC laser 
architecture. As a result, the modulation speed was limited due to performance restrictions and 
impedance mismatch. To overcome this issue, the experiments described in Section 6.4 could be 
repeated using a high speed ground-signal-ground (GSG) microwave probe (especially given that 
the contact electrodes are designed to match the impedance of a coplanar waveguide transmission 
line). The employed electrical design could also be improved by reducing the contact resistance 
(e.g. through multilayer contacts [33] or through using a passivation layer at the metal-Silicon 
interface [34, 35, 36]).  

Moreover, a further increase of the modulation speed can be achieved by considering 
depletion type modulation of the resonant wavelength of the PhC cavity on the reflector chip. In 
such a scheme, the pn junction that the PhC cavity is embedded in is reverse-biased and the 
change in the refractive index occurs through the depletion of the excess free carriers in the 
(depletion region of the) junction. It has already been reported that the carrier density change 
needed for frequency shifts equivalent to the ones reported here ( v = 2.5  4.5 GHz) can easily 
be obtained in a depletion type modulation configuration [37]. For operation in the carrier 
depletion mode, the modulation power consumption is only determined by the switching energy 
of the device [38], the values of which are anticipated to be of sub-fJ/bit order for the employed 
vertically coupled system [37]. Even though the selected for this project pn diode configuration 
(p+pnn+) is in principle suitable for depletion type modulation, the direct frequency modulation 
of the studied EC laser architecture in depletion mode was severely limited by the quality of the 
tunable resonant reflectors. More specifically, the poor performance (in terms of achieved 
refractive index change n) in reverse bias, in combination with the relatively large linewidth 
(>150 pm) of the PhC cavities on the employed tunable Silicon mirrors, resulted in changes of 
the PhC cavity phase contribution that were not sufficient for considerable shifts in the emitted 
wavelength to be observed (according to Section 6.3.1 and Eq. 6.5). 

In addition to the employed p+pnn+ junction design, an interdigitated junction scheme 
can be considered for depletion type modulation. A schematic representation of the two diode 
designs relative to a DA PhC cavity is given in Fig. 6.10. The interdigitated design allows a larger 
overlap of the depletion region of the junction with the optical mode of the PhC cavity (due to 
the topology of the p- and n-doped regions, as shown in Fig. 6.10b) and is thus less sensitive to 
misalignment during the fabrication than the simple pn design (shown if Fig. 6.10a). Through 
the above described considerations, Gbps direct frequency modulation of the examined EC laser 
architecture can be achieved at an ultra-low power budget. 
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Figure 6.10 Pn junction designs (relative to a DA PhC cavity) suitable for depletion type modulation: (a) 
pn (p+pnn+) junction used for the work described here, and (b) interdigitated pn junction. 

 

6.6.2 Improvement of the Compact EC Configuration 
 

The performance of the compact EC laser configuration presented in Chapters 5 and 6 can be 
improved in terms of mode selectivity, side-mode suppression ratio (SMSR), and lasing 
wavelength stability by further minimizing the effect of the modes of parasitic cavities formed 
due to facet-reflections (as discussed in Sections 2.5 and 5.2.2). This can be achieved by an 
improvement of the AR coatings on the chip facets (e.g. use of mutli-layer AR coatings on the 
 

1

2

3(a) (b)
 

Figure 6.11 (a) RSOA with a waveguide bent at the front facet butt-coupled to external vertically coupled 
waveguide-PhC cavity reflector with waveguide bent at the insertion facet. (b) Microscope image of angled 
(1), straight (2) and bent (3) SU8 polymer waveguides on SiO2 substrate. 

 
Figure 6.12 Compact EC laser configuration comprising an RSOA butt-coupled to an external vertically 
coupled waveguide-PhC cavity reflector with a taper section at the insertion facet of the bus waveguide. 
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Silicon reflector chip, as described in Section 3.7.2) or through the use of alternative laser cavity 
designs (e.g. use of angled or bent waveguides that would minimize back-reflections [39, 40]  
schematic representation in Fig. 6.11). 

In addition to the aforementioned alterations, the potential to further enhance the 
examined in this project compact EC laser architecture can be explored through the use of a taper 
section at the insertion end of the bus waveguide (Fig. 6.12), which would reduce its sensitivity 
to misalignment (according to Section 5.3.2). Finally, the Dispersion Adapted (DA) PhC cavity 
design [12] was used for the experimental demonstrations presented in this thesis, due to its large 
fabrication tolerance and its good mode overlap with the employed low index bus waveguides. 
However, DA PhC cavities do not exhibit the highest possible FSR, resulting in mutli-modal 
behaviour. The use of alternative PhC cavity designs with single-mode operation or much higher 
FSR (e.g. line defect modulated cavity [41] or double heterostructure cavity [42]) can be 
considered on the Silicon-based resonant reflector, for the demonstration of scalability with the 
proposed EC laser configuration, and for avoiding undesired lasing from higher order PhC cavity 
modes (as discussed in Chapter 4). The suitability of the line defect modulated PhC cavity for the 
vertically coupling platform has already been demonstrated in [37]. 

6.6.3 Bonding and EC Laser Arrays 
 

Another direction that can be explored with the compact EC laser configuration studied in this 
project is the potential for practical III-V/Silicon integration. In the considered EC architecture, 
Si/III-V integration can be achieved by butt-coupling via flip-chip bonding [43, 44, 45, 46]. Using 
this technology, the RSOA chip can be bonded with metallic solder onto the Silicon substrate of 
the SOI reflector chip after partly removing the top Silicon and buried oxide (BOx) layers, as 
shown in Fig.  6.13. Compared to the wafer- or die-bonding technologies [47, 48, 49, 50] that 
have emerged as alternative candidates for III-V integration on Silicon, the main advantage of a 
chip bonding configuration is the higher flexibility in the independent design and 
 

 
Figure 6.13 Conceptual representation of the chip bonding integration of the III-V RSOA chip on the 
SOI-based reflector chip for the formation of the discussed EC laser. 

RSOA

Bus waveguide
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optimization for higher yield of the Silicon and RSOA chips. Additionally, it can allow better 
thermal conductance between the III-V chip and the substrate (i.e. better RSOA heat dissipation 
to the substrate), which is a favourable characteristic for transmitters that operate at high 
temperatures. Flip-chip bonding technology can be used to bond the III-V-based RSOA dies onto 
the Silicon substrate of either passive or active SOI resonant reflector chips, resulting in 
integrated versions of the compact EC laser configurations presented in Chapters 5 
(CW operation) and 6 (directly modulatable), respectively. 

Further to that, the demonstration of arrays of the EC laser design proposed in 
Chapters 5 and 6 should be examined. Similar to the configurations presented in [45, 46], such 
laser arrays can be obtained by butt-coupling an RSOA array to a Silicon chip with an array of 
resonant reflector devices (Fig. 6.14), significantly reducing the footprint per channel and the 
aggregate output power (or potentially the aggregate modulation speed). Ultimately, all the 
aforementioned techniques can be combined and along with previous demonstrations of passive 
and active components on the vertically coupled platform [13, 31, 32, 51] be used for the 
demonstration of a complete low-power-consumption (aiming to sub-100 fJ/bit power budgets) 
Silicon Photonic interlink. 

 
Figure 6.14 Compact EC laser array configuration comprising a 4-channel RSOA array butt-coupled to a 
Silicon chip with an array of four resonant reflectors based on a vertically coupled bus waveguide-PhC 
cavity system. 
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Chapter 7 

Conclusion 
 
In this thesis, I have introduced and explored the potential of an electrically-pumped hybrid III-V 
External Cavity (EC) laser design, suitable for Silicon Photonic applications (with a primary focus 
on energy-efficient Silicon Photonic WDM data-communication systems). The examined laser 
architecture comprises a III-V Reflective Semiconductor Optical Amplifier (RSOA) and an 
external Silicon wavelength-selective reflector, based on a Photonic Crystal (PhC) cavity 
vertically coupled to a low-refractive-index bus waveguide [1].  

The EC approach ensures high yield and performance (as it enables the independent 
design, fabrication, testing and optimization of the III-V and the Silicon chips), as well as good 
heat dissipation through the spatial separation of the passive and the active parts that it offers. 
Even though EC devices using Bragg gratings [2, 3, 4], ring resonators [5, 6], and Sagnac 
interferometers [7] as Silicon reflectors have previously been demonstrated, the use of a PhC 
cavity-based mirror is particularly relevant: providing the ultimate spatial and temporal light 
confinement [8], PhC cavities can combine very small footprint with large Free Spectral 
Range (FSR), and hence are ideal for WDM interconnects that require high integration density 
and tight frequency channel spacing. The vertically coupled PhC cavity-bus waveguide system, 
apart from facilitating the coupling of light to/from Silicon PhC cavities, was selected for further 
technological reasons. More specifically, the low refractive index of the bus waveguide allows for 
larger waveguide cross-sections, as well as for lower reflectivity at the interface with air, in 
comparison to the case of Silicon waveguides. As a result, adequately low direct butt-coupling 
losses can be observed (<3 dB/facet) to both III-V RSOA waveguides and optical fibers, 
eliminating the need for use of spot-size converters (SSC) or other equivalent structures on the 
Silicon reflector chip, and thus simplifying its fabrication process. 

To examine the validity of the studied concept, a long EC laser configuration comprising 
a fiber pigtailed SOA with a fiber optic reflector and the above described resonant mirror was 
demonstrated in Chapter 4. The external reflector chip consisted of an SU8 polymer waveguide 
vertically coupled to a Dispersion Adapted (DA) PhC cavity [9] on the 220 nm 
Silicon-On-Insulator (SOI) platform. Output powers of >1.5 mW and a slope efficiency of 

s = 0.0324 mW/mA were observed for lasing in the S- and C-bands. The change of the emitted 
wavelength (with SMSR  >25 dB in every case) by lithographically tuning the employed PhC 
cavities confirmed that the lasing wavelength in the studied in this thesis design is determined by 
the resonances of the PhC cavity. 

                                                           
 Side-mode suppression ratio. 
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 The presented working principle was extended to a compact EC laser configuration 
comprising a 250- m long RSOA die on sub-mount and the aforementioned Silicon resonant 
reflector chip, in Chapter 5. Lasing thresholds around 12-13 mA were found for 
waveguide-coupled (wc) output powers up to 8.5 mW (at 80 mA) and wc wall-plug efficiencies 
up to ~8.5 % (at 41 mA) at emitted wavelengths around 1550 nm. Single mode laser linewidths 
of ~4.5 MHz were measured using a self-heterodyne technique and the observed side-mode 
suppression ratios (SMSR) were consistently in excess of 40 dB (reaching a maximum of 50 dB). 
The performance of the device was on par with the performance of analogous hybrid EC laser 
structures [2, 3, 4, 5, 6].  

Except for the smaller size and the larger FSR that it provides, the use of a PhC cavity-
based reflector is also comparatively favorable for the stabilization of the emitted wavelength  a 
highly desired feature in WDM optical interconnects. The optical power of the laser cavity 
dissipated in the PhC cavity via two-photon absorption (TPA) and free-carrier absorption (FCA) 
causes a nonlinear increase of the temperature of the reflector significantly above ambient, 
resulting in a strong dependence of the lasing wavelength on the intra-cavity power. It is 
understandable thus that a zero net wavelength shift can be achieved in the considered EC laser 
configuration without active cooling, by appropriately increasing the laser power at lower 
operating temperatures. Through this technique, wavelength stability with a ±0.38 nm variation 
around the central wavelength (1550.85 nm) was achieved over a temperature span of 60o C 
(between 20o and 80o C) for a laser output power decrease by a factor of 9 (while simulations 
suggest that an increase in the efficiency of the technique by a factor of >2.5 can be achieved by 
removing the Silicon substrate on the SOI reflector chip). Owing to the fact that PhC cavities 
exhibit the ultimate Q-factor/V ratio [8], this strategy can be applied to the considered compact 
EC laser at a much lower power penalty than for equivalent configurations comprising Silicon 
reflectors based on structures with smaller Q-factor/V ratio (e.g. ring resonators or Bragg 
reflectors).  

 Further, the suitability of the considered laser configuration for integration with silicon 
planar optical circuits (e.g. by butt-coupling via flip-chip bonding [10, 11, 12, 13]) was examined 
through a RSOA-to-SU8 waveguide alignment sensitivity study. An experimental increase of the 
coupling losses and of the laser threshold current of < 20% in the horizontal direction and of < 15% 
in the vertical and z1 directions for a 500 nm misalignment from the optimal alignment position 
was observed (in agreement with the results obtained from simulations), indicating the possibility 
for integration in practical application platforms (as similar placement accuracies have been 
demonstrated for flip-chip bonding systems [10, 13]).  

 Finally, the suitability of the proposed EC laser design for direct frequency modulation 
was shown in Chapter 6. As the emitted wavelength is determined by the resonant wavelength of 
the PhC cavity on the Silicon reflector, modulation of the laser output can be realized by 
modulating the PhC cavity resonances. Similar approaches have been very recently demonstrated 
by Fujitsu [14] and Hewlett Packard [15], utilizing ring resonators as tunable elements in the laser 
cavity. This method is of particular interest in WDM optical interconnects, as it enables the 
employment of low-power-consumption resonant modulators in practical applications by 

                                                           
1 The z-direction is defined along the axis of propagation of light in the considered waveguides. 
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eliminating the need to match the emitted wavelength of a laser source to their resonances. For 
the experimental proof of the concept, the DA PhC cavity on the resonant reflector of the above 
described compact EC laser configuration was embedded in a p+pnn+ junction that extended into 
its defect [16]. Tuning of the resonant wavelength was obtained through the carrier dispersion 
effect, by biasing the pn junction. Direct frequency modulation of the considered EC laser at 
speeds up to 100 MHz (limited by the employed electrical setup and design) was achieved for 
injection type modulation of the pn diode, at a constant RSOA drive current of 30 mA. Even 
though the demonstrated modulation performance was not optimal, the proof-of-concept use of 
a PhC cavity as the tunable element of the examined EC laser is rather advantageous: due to their 
ultra-small modal volume (V), PhC cavity-based modulators can exhibit very low capacitance 
(e.g. 5.6 x 10 -18 F [17]) and thus a potential modulation power consumption (sub-pJ/bit)  of more 
than one order of magnitude lower than conventional ring resonators [16, 17, 18] (which are 
employed in the works by Fujitsu and Hewlett Packard). 

 To sum up, I demonstrated the possibility of using a vertically coupled PhC cavity-bus 
waveguide system as a reflector in an EC laser architecture. Different configurations (fibre- and 
die-based) of such EC lasers were built and characterized. The experimentally observed 
performance, alignment tolerance, wavelength stability with temperature, and suitability for 
direct frequency modulation reveal the potential of the proposed scheme to be an appealing 
candidate for WDM operation in Silicon optical interconnects. The demonstration of a laser 
solution based on the vertically coupled platform is an addition to the active and passive 
components based on the same concept [16, 19, 20] towards the realization of more complex 
power-efficient Silicon Photonics systems.  
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The following process flow was followed for the Photonic Crystal (PhC) device wafers in phase 

- -beam lithography. 

Unless stated otherwise, all photolithography steps used Fujifilm HiPR6512 resist / OPD5262 
developer for patterning. The wafers got a dehydration-bake @ 180°C for 40 minutes prior to 
resist spin-coating and nominal resist thickness after development was approx. 1.1 µm. The 
reticule-layers were exposed on the Ultratech UTS1500 stepper and the e-beam layers were 
exposed on the JEOL JBX-6000FS patterning-system. 

MODULE NOTES Mask Details 

Start-
Material 

SOI : device-layer = 220 nm / P-  
Buried-Oxide = 2 µm  

Clean CMOS pre-oxidation Clean (HZPLUSFZ) : Hot DI / 
Ozone / NH4OH / HF  

Zero-Level 
 Part One 

Dehydration-Bake followed by ZEP resist coating 
(thickness = 750 nm)  

Zero-Level 
 Part One JEOL e-beam patterning (high-current) E-Beam : 

Zero-Level 
Zero-Level 

 Part One 
Development in ZED-N50 developer followed by 

IPA rinse  

Zero-Level 
 Part One 

Dry-Etch (Cl2 / HBr / O2 plasma) on Trikon M0RI 
etcher  

Zero-Level 
 Part One 

Resist-Strip : Ash (O2 plasma) followed by H2SO4 / 
H2O2 wet-strip  

Zero-Level 
 Part Two 

Photolithography 
 

(Dehydration Bake / Resist spin-coating / Mask Exposure / 
Development) 

Mask # 1 : 
NAP449 align-

clear 
Zero-Level 

 Part Two 
Dry-Etch (C4F8 / CH2F2 plasma) on Trikon M0RI 

etcher  

Zero-Level 
 Part Two Dry-Etch (SF6 / C4F8 plasma) on STS-ASE etcher  
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Zero-Level 
 Part Two 

Wet-Etch in [5:1] BOE (also removes oxide from 
back-side)  

Zero-Level 
 Part Two 

Resist-Strip : Ash (O2 plasma) followed by H2SO4 / 
H2O2 wet-strip  

Clean CMOS pre-deposition Clean (SPMCLEAN) : Hot 
DI / Ozone  

Initial-
Oxide PECVD deposition : 50 nm SilOx  

PPLUS 
implant 

Photolithography 
 

(Dehydration Bake / Resist spin-coating / Stepper Exposure / 
Development) 

Reticle # 1 : 
P-PLUS 

PPLUS 
implant 

Boron Implant (6e14 @ 30 keV) on Eaton NV6200 
implanter  

PPLUS 
implant 

Resist-Strip : Ash (O2 plasma) followed by H2SO4 / 
H2O2 wet-strip  

NPLUS 
implant 

Photolithography 
 

(Dehydration Bake / Resist spin-coating / Stepper Exposure / 
Development) 

Reticle # 2 : 
N-PLUS 

NPLUS 
implant 

Phos Implant (3e14 @ 80 keV) on Eaton NV6200 
implanter  

NPLUS 
implant 

Resist-Strip : Ash (O2 plasma) followed by H2SO4 / 
H2O2 wet-strip  

RTA-1 60 seconds @ 1000°C in N2 ambient  
P-

DOPING 
implant 

Photolithography 
 

(Dehydration Bake / Resist spin-coating / Stepper Exposure / 
Development) 

Reticle # 3 : 
P-DOPING 

P-
DOPING 
implant 

Boron Implant (6e12 @ 30 keV) on Eaton NV6200 
implanter  

P-
DOPING 
implant 

Resist-Strip : Ash (O2 plasma) followed by H2SO4 / 
H2O2 wet-strip  

N-
DOPING 
implant 

Photolithography 
 

(Dehydration Bake / Resist spin-coating / Stepper Exposure / 
Development) 

Reticle # 4 : 
N-DOPING 

N-
DOPING 
implant 

Phos Implant (1e13 @ 80 keV) on Eaton NV6200 
implanter  

N-
DOPING 
implant 

Resist-Strip : Ash (O2 plasma) followed by H2SO4 / 
H2O2 wet-strip  
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N-
DOPING 
implant 

Dehydration-Bake followed by ZEP resist coating 
(thickness = 750 nm)  

N-
DOPING 
implant 

JEOL e-beam patterning (high-current) E-Beam : 
N-Doping 

N-
DOPING 
implant 

Development in ZED-N50 developer followed by 
IPA rinse  

N-
DOPING 
implant 

Phos Implant (1e13 @ 80 keV) on Eaton NV6200 
implanter  

N-
DOPING 
implant 

Resist-Strip : Ash (O2 plasma) followed by H2SO4 / 
H2O2 wet-strip  

RTA-2 15 seconds @ 1050°C in N2 ambient  
Remove 
Initial-
Oxide 

Wet-Etch in [5:1] BOE  

PhC 
pattern 

Dehydration-Bake followed by ZEP resist coating 
(thickness = 100 nm)  

PhC 
pattern JEOL e-beam patterning (low-current) E-Beam : 

PhC 
PhC 

pattern 
Development in ZED-N50 developer followed by 

IPA rinse  

PhC 
pattern Dry-Etch (SF6 / C4F8 plasma) on STS-ASE etcher  

PhC 
pattern 

Resist-Strip : Ash (O2 plasma) followed by H2SO4 / 
H2O2 wet-strip  

Clean CMOS pre-deposition Clean (SPMCLEAN) : Hot 
DI / Ozone  

SOG Spin-Coat Accuglass-211 and hot-plate bake  
SOG Furnace-Cure @ 400°C in N2 ambient  

Waveguide   

Waveguide 
Photolithography 

 

(Dehydration Bake / Resist spin-coating / Stepper Exposure / 
Development) 

Reticle # 5 : 
WAVEGUIDE 

Waveguide Dry-Etch (C4F8 / CH2F2 plasma) on Trikon M0RI 
etcher  
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Waveguide Resist-Strip : Ash (O2 plasma) followed by H2SO4 / 
H2O2 wet-strip  

Clean CMOS pre-deposition Clean (SPMCLEAN) : Hot 
DI / Ozone  

Contact-
Oxide   

Contact-
Oxide 

Photolithography 
 

(Dehydration Bake / Resist spin-coating / Stepper Exposure / 
Development) 

Reticle # 6 : 
CONTACTS 

Contact-
Oxide 

Dry-Etch (CF4 / CHF3 plasma) on Trikon M0RI 
etcher  

Contact-
Oxide 

Resist-Strip : Ash (O2 plasma) followed by H2SO4 / 
H2O2 wet-strip  

Clean [10:1] HF pre-metal Clean  
Metal Sputter-Deposition : 500 nm Al-Si[1%]  

Metal 
Photolithography 

 

(Dehydration Bake / Resist spin-coating / Stepper Exposure / 
Development) 

Reticle # 7 : 
METAL 

Metal Dry-Etch (Cl2 / BCl3 plasma) on Trikon ICP etcher  

Metal Resist-Strip : Ash (O2 plasma) followed by EKC 
wet-strip  

Alloy 30 mins @ 400°C in forming-gas ambient  
 
The following tables list the implant doses and annealing conditions for the wafers used during 
the work presented in this thesis  

Wafer ID P-
PLUS 

(Boron) 

N-PLUS 
(Phos) 

RTA-1  
(N2 

ambient) 

P-
DOPING 
(Boron) 

N-
DOPING 

(Phos) 

RTA-2  
(N2 

ambient) 
 

X-6072-1 6 e14 @  
30 keV 3 e14@80 keV 60 s / 1000°C 6 e12 @ 30 keV 1 e13@80 keV 15 s / 1050°C 

X-6072-2 6 e14 @  
30 keV 3 e14@80 keV 60 s / 1000°C 6 e12 @ 30 keV 1 e13@80 keV 15 s / 1050°C 

 

X-6072-3 6 e14 @  
30 keV 3 e14@80 keV 60 s / 1000°C N/A N/A N/A 

X-6072-4 6 e14 @  
30 keV 3 e14@80 keV 60 s / 1000°C N/A N/A N/A 

X-6072-5 6 e14 @  
30 keV 3 e14@80 keV 60 s / 1000°C N/A N/A N/A 

 

X-6106-3 6 e14 @  
30 keV 3 e14@80 keV 60 s / 1000°C 6 e12 @ 30 keV 1 e13@80 keV 15 s / 1050°C 
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X-6106-2 6 e14 @  
30 keV 3 e14@80 keV 60 s / 1000°C 6 e12 @ 30 keV 2 e13@80 keV 15 s / 1050°C 

 

X-6255-1 6 e14 @  
30 keV 3 e14@80 keV 60 s / 1000°C 1.2 e13 @ 30 keV 1 e13@80 keV 15 s / 1050°C 

 
  



136 
 

 

  



137 
 

List of Figures 
 

1.1 Projected IPv6 Mobile Data Traffic Forecast by CISCO (graph reproduced 
from Cisco Visual Networking Index: Global Mobile Data Traffic Forecast 
Update, 2016-2012 White Paper [5]). 

1 

1.2 gap (simplified). 3 

1.3 (a) Illustration of the cross-section of InGaAsP/Silicon hybrid laser based on 
metal bonding with excess material removal (image reproduced from [59], 
© 2011 IEEE). (b) Schematic representation of hybrid InGaAsP/Silicon laser 
based on metal bonding with ITO conductive adhesive layers (image 
reproduced from [60], © 2012 IEEE). (c) BCB-assisted bonding process for 
cold bonding (image reproduced from [61], © 2012 Optical Society of 
America). 

7 

1.4 Schematic illustration of an External Cavity (EC) laser comprising a III-V 
RSOA and a Silicon Photonic reflector based on a bus waveguide vertically 
coupled to a PhC cavity with a pn junction (shown in green and red). 

10 

2.1 (a) Medium with one-dimensional periodicity in the z-direction. The high 
dielectric constant regions ( 1) are shown in blue and the low ones ( 2) are 
shown in green. The distribution of the two possible modes at k = ± //  is 
depicted by the black curves. The mode with lower frequency low tends to 
concentrate its energy in the high  regions, while the one with higher 
frequency high concentrates its energy in the low  regions. (b) Dispersion 
relation ( -k) for propagation in the z-direction of a homogenous medium 
(solid lines). The assumed arbitrary periodicity leads to the periodic repetition 
of the dispersion curves at //  (dashed lines). (c) Band diagram 
(dispersion relation) for propagation in the z-direction of a z-periodic 
medium. A photonic band gap (frequency region marked in yellow) arises due 
to the appearance of two modes with different frequencies ( high and low) at 
the same k = ±m // . The dashed red lines indicate the irreducible Brillouin 
zone. 

23 
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2.2 Band structure of a two-dimensional triangular lattice of air holes (  = 1) of 
radius r = 0.28  on a membrane Silicon slab (  = 12.11) of thickness 0.5a. TE 
modes are shown in blue and TM modes are shown in red. The inset shows 
the unit cell of the photonic crystal lattice (white corresponds to the air holes 
and green to Silicon), along with its reciprocal space unit cell (a hexagon 
rotated by 30o with respect to the photonic crystal unit cell). The band 
structure was calculated for the wave-vectors within the irreducible Brillouin 
zone, formed by the central point  of the Brillouin zone, and the two high-
symmetry points M and K (marked in blue). A photonic bandgap exists only 
for the TE modes and is marked in yellow. 

25 

2.3 (a) Point defect photonic crystal cavity formed by removing the central site of 
an ideal square lattice of Silicon rods (  = 12.11) in air (  = 1). (b) Localized 
mode (green line) with frequency in the TM photonic band gap due to the 
perturbation of the photonic crystal lattice. 

27 

2.4 (a) Light-line for nsus = 1 (black) and nsus > 1 (red). (b) and (c) Light-cone for 
nsus > 1 that for a given frequency 0 becomes a circle (shown in green). 

28 

2.5 (a) Electric field distribution in a cavity with rectangular envelope function 
G(x) (red dashed line). The refractive index of the cavity mode and of the 
cladding of the cavity are nmode and nsus, respectively.  (b) Spatial Fourier 
transform of the field shown in (a). F(E) is given by the convolution of the two 
sinc functions centred at ± nmode2 / 0 (marked by the red arrows). (c) Electric 
field distribution in a cavity with Gaussian envelope function G(x) (red dashed 
line). The refractive index of the cavity mode and of the cladding of the cavity 
are the same as in (a). (d) Spatial Fourier transform of the field shown in (c). 
F(E) is given by the convolution of the two Gaussian functions centred at 
± nmode2 / 0 (marked by the red arrows). The yellow area in (b) and (d) 
indicates the light-cone/leaky regime ( nsus2 / 0 < kx < nsus2 / 0). 

29 

2.6 (a) Double heterostructure cavity formed by merging the basic PhC structures 
with different lattice constant I and II, and a schematic of the band diagram 
along the waveguide direction (reproduced by permission from Macmillan 
Publishers Ltd: Nature Materials [26], © 2005). (b) Example design of a line 
defect modulated cavity implemented by shifting holes outwards in a W0.98 
line defect waveguide. Shift dA = x, dB =2x/3 and dC =x/3 (reproduced 
from [27], with the permission of AIP Publishing, © 2006). (c) Dispersion 
adapted (DA) cavity with confined first order mode (Ey). The green circles 
represent the shifted holes. Shift of holes varies from h0 in the first section to 
hn in the last section (5 sections depicted). The waveguide after the last section 
is a W1 (reproduced from [28], © 2012 IEEE). 
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2.7 Schematic representation and cross-sectional view of the selected resonant 
reflector. A bus waveguide is vertically coupled to an oxide-clad photonic 
crystal cavity on SOI. The top cladding layer (spin-on glass  SOG) of the 
cavity supports the waveguide and acts as a buffer/separating layer between it 
and the cavity. 

31 

2.8 (a) Abstract schematic representation of a coupled PhC cavity-bus waveguide 
system at resonance. The dashed arrows depict the backward propagating 
(reflected) light component and the solid arrows depict the forward 
propagating (transmitted) component. (b) Power reflection (red) and 
transmission (blue) coefficients, and optical losses (green) for vertically 
coupled waveguide-photonic crystal cavity system at resonance as a function 
of the coupling rate. The intrinsic quality factor of the cavity was considered 
to be Q0 = 30000. (c) Reflection Rx (dashed red) and transmission Tx (blue) 
spectra of a bus waveguide coupled to a PhC cavity with Q0 = 30000 and 
QC = 20000. 

33 

2.9 (a) Conceptual representation of the resonant reflector device. A low 
refractive index SU8 polymer waveguide is vertically coupled to a Dispersion 
Adapted (DA) photonic crystal cavity (defined by the PhC holes marked in 
red). The two parts are separated by a layer of Spin-on-Glass (SOG) that also 
acts as a top oxide cladding for the cavity. K-space distribution of the 
dominant electric field (b) of a single-mode bus waveguide, and (c) of the 
first-order mode of a DA PhC cavity. The white circle indicates the light-cone, 
assuming oxide cladding. 

36 

2.10 Schematic representation of (a) a generic two-mirror semiconductor laser 
cavity, (b) an external cavity laser, and (c) of an external cavity laser using a 
resonant external reflector  here a vertically coupled waveguide-photonic 
crystal cavity (represented as an oval for simplicity) system; the backwards 
propagating component coupled to the bus waveguide from the photonic 
crystal cavity provides resonant optical feedback. In all cases, the oscillation in 
the laser cavity is considered to happen along the z-axis, with U(x,y) being the 
TE field profile. La is the length of the active section (shadowed in red) that 
provides the laser cavity with gain (g) and Lp is the length of the passive 
section (shadowed in grey). L = Lp + La is the total length of the laser cavity. 
r1, r2 and r3 are the coefficients denoting the intensity reflection at different 

coupling between the active and the passive parts. In external cavity laser 
configurations ((b) and (c)), the influence of the passive section and of the 
external mirror can be substituted for steady-state analyses by an effective 
mirror with intensity reflection reff that plays the role of the second (output) 
mirror in an equivalent two-mirror model, as shown in (d). 

38 
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2.11 Schematic illustration of net propagation gain xy g  i, (red) and the net 
resonant mirror loss m (green), as a function of wavelength, for an EC laser 
with a vertically coupled bus wavguide-PhC cavity external reflector. The 
dashed lines represent the modes of the total EC laser cavity, the spacing of 
which is given by  =  / [2 ( + ( ))]. 

41 

3.1 Fabrication process flow: (a) A sample of SOI is cleaved and cleaned in 
Acetone and IPA. (b) The sample is spun with positive e-beam resist  ZEP 
520A. (c) The desired pattern (including alignment marks and isolation 
trenches) is exposed on the resist by e-beam lithography. After the exposure, 
the sample is developed in Xylene for 45 seconds and ZEP 520A is removed 
from the exposed regions. (d) Silicon is etched away from the uncovered parts 
by Reactive Ion Etching (RIE) and the desired pattern is transferred on the 
Silicon. The patterned sample is then stripped from the remaining resist. (e) 
The sample is clad with SOG and the thickness of the SOG layer is reduced by 
RIE. (f) The alignment marks regions are covered and the sample is spun with 
S1818 photoresist. (g) SOG is selectively removed from the uncovered parts of 
the sample by RIE, and S1818 is removed by Acetone. (h) The 
stripped-from-SOG Silicon parts are covered, and the sample is spun with SU8 
polymer. (i) Utilizing a 3-point alignment method, SU8 polymer waveguides 
are formed by electron-beam lithography and development in EC-solvent. 

48 

3.2 (a) Dispersion Adapted (DA) cavity design. The holes marked with red are 
shifted in order to form the cavity. The resonant response of the DA cavity can 

distance d between the two innermost pairs of holes in the cavity (as shown in 
the close-up). (b) SEM image of a DA photonic crystal cavity. 10 lattice periods 
are added on each side of the cavity to prevent light leakage in Silicon or air. 
(c) Cross-sectional SEM image of the device. A low index dielectric (SU8 
polymer) waveguide is vertically coupled to a DA photonic crystal cavity. The 
two parts are separated by a layer of Spin-on Glass (SOG) that also acts as the 
top cladding of the cavity. The bottom cladding is provided by the SiO2 layer 
of the SOI platform (BOx). 

49 

3.3 Photolithography types. (a)  Contact lithography: the photomask is brought 
in direct contact with the photoresist layer on the substrate. (b) Proximity 
lithography: a small gap is left between the photomask and the photoresist 
layer on the substrate. (c) Projection lithography: imaging optics are used 
between the mask (reticule) and the photoresist layer on the substrate. 

51 

3.4 Photolithography process flow. (a)  Substrate with photoresist on it. 
(b) Substrate with resist exposed to UV light through a photomask. (c) 
Substrate with positive photoresist after development. The exposed areas have 
been removed. (b) Substrate with negative photoresist after development. The 
exposed areas have not been removed. 

51 
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3.5 Diagram of the parts of an ion implantation system. 52 

3.6 Ion implantation cycle flow. (a)  Substrate with photoresist on it. 
(b) Projection photolithography: the resist is exposed to UV light through the 
reticule. (c) The exposed areas have been removed during the development. 
Ions of the chosen dopant are then implanted in the desired areas that are not 
protected by the resist. (b) Substrate after resist stripping and annealing. A 
doped region with the chosen dopant is formed on and below the surface of 
the exposed parts. Annealing will lead to the formation of charge carriers 
(electrons for p-type dopants or holes for n-type dopants). 

53 

3.7 (a) Schematic representation of the relationship between the size of the write 
field (WF) and the maximum achievable positional resolution (or minimum 
grid-cell 
in a case with stitching errors. (c) SEM image of structures with stitching 
errors caused by incorrect adjacent write field alignment. 

55 

3.8 Monte Carlo simulations of electron scattering in photoresist (PMMA) on 
Silicon for electron beam lithography at (a) 10 kV and (b) 20 kV (reproduced 
from [4], with the permission of AIP Publishing, © 1975). 

56 

3.9 L3 cavity design with proximity error correction. 56 

3.10 (a) Schematic representation of the RIE chamber. The tube on the right 
connects the chamber to a vacuum pump system and the gate valve controls 
the chamber pressure. (b) SEM image of photonic crystal etched under 
optimal parameters. The side walls are vertical, with minimal roughness. 
(c) SEM image of photonic crystal etched with increased RF power. A 
widening at the top edge of the holes can be observed. (d) SEM image of 
insufficiently etched photonic crystal (under- the 
bottom of the hole can be observed. 

58 

3.11 Schematic representation of a thermal evaporation chamber. 60 

3.12 Lift-off process flow. (a)  Substrate with PMMA resist on it. (b) The desired 
design is exposed on the resist via photolithography or e-beam lithography. 
(c) Substrate after development in a 3:7 mixture of H2O and IPA. The exposed 
areas have been removed. (b) A film of the desired material is deposited on the 
entire surface of the substrate. (e) The substrate is immersed in Acetone, 
which strips it from the resist and the deposited material from the undesired 
areas. 

60 

3.13 (a) Reflection (under normal incidence) between two dielectrics with 
refractive indices n1 and n2 (n1 < n2). (b) Reflection (under normal incidence) 
of a single beam at dielectric (refractive index n3) with AR coating (refractive 
index n2). (c) Reflection (under normal incidence) of a single beam at 
dielectric (refractive index n4) with a two-layered AR coating (with layer 
indices n2 and n3). 

62 
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3.14 Reflectivity as a function of wavelength from an air (n = 1)/ SU8 (n = 1.58) 
facet (a) without coating (black line), with hypothetical ideal AR coating 
(n = 1.25) of 310 nm (blue line), with MgF2 (n = 1.37) AR coating of 282 nm. 
(b) Close-up comparison of the performance of ideal AR coating (blue line) 
and MgF2 AR coating on an air/SU8 interface (the specifications are the same 
as in (a)). (c) Experimental transmission of a single-mode SU8 waveguide on 
SiO2 substrate without AR coating (blue line) and with a MgF2 AR coating of 
~ 282 nm on both facets (red line). Normal incidence of the input from air is 
considered. 

63 

4.1 Schematic representation of the examined external cavity laser architecture 
and operation. The laser comprises a packaged, fiber-pigtailed Semiconductor 
Optical Amplifier (SOA) and an external reflector chip (S with reflectance R2) 
that consists of a bus waveguide vertically coupled to a Silicon photonic crystal 
cavity. The second mirror is a fiber optic reflector (R1). The output of the SOA 
is coupled to the bus waveguide by a pair of lenses (L1 and L2). 

66 

4.2 (a) Experimental setup for passive optical (transmission) measurements. 
(b) Experimental (characterization) setup of the proposed external cavity 
laser, comprising a fiber-pigtailed semiconductor optical amplifier (SOA). 
The dashed light green frame highlights the EC laser cavity. AL (1-4): compact 
aspheric lenses, PBS: polarizing beam splitter, S: silicon chip/photonic crystal 
cavity based reflector, R: fiber optic reflector, ASE: amplified spontaneous 
emission broadband source, DSO: digital sampling oscilloscope, 
PD: photodetector, OSA: optical spectrum analyser, SMF: single-mode fiber. 

68 

4.3 Characterization of external cavity laser with resonant external reflector 
comprising a DA PhC cavity with lattice constant  = 388 nm and fill factor 
r/  = 0.28. (a) Lasing spectrum (dashed red/Lasing) showing single-mode 
operation at 40 mA overlaid with the transmission spectrum of the 
aforementioned PhC cavity-based device (solid black/Tx). (b) Lasing 
spectrum at 80 mA overlaid with the transmission spectrum of (a). (c) L-I 
curve at room temperature. The arrows indicate a kink in the L-I curve (c), 
due to the appearance of a second lasing mode caused by a higher-order PhC 
cavity resonance, shown in (b). 

69 

4.4 Lasing spectra for external cavity lasers utilizing resonant reflectors that 
comprise DA PhC cavities with different outward shifts of the two inner pairs 
of holes. Spectrum d1 (blue) corresponds to a shift of 36 nm with respect to 
the original hole position in a W1 waveguide, d2 (red) to a shift of 44 nm, d3 
(green) to a shift of 40 nm and d4 (yellow) to a shift of 42 nm, respectively. 
The inset shows an SEM image of a DA PhC cavity. Tuning of the position of 
the four innermost holes (in red circle) results in variation of the cavity 
resonances (and resonant reflections).  

71 
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4.5 Ratio of calculated slope efficiency ( ) over experimentally observed slope 
efficiency ( s = 0.0324 mW/mA) as a function of laser cavity losses. 

72 

5.1 (a) Schematic representation of the compact external cavity laser 
configuration discussed in this chapter. The laser cavity is formed by butt-
coupling a III-V-based Reflective Semiconductor Optical Amplifier (RSOA) 
to an external reflector chip (S), comprising a bus waveguide vertically coupled 
to a Silicon PhC cavity, that provides wavelength-selective optical feedback 
(R2). The rear facet of the RSOA is HR-coated, acting as the second mirror of 
the laser cavity (R1). AR-coatings are used on the front facet of the RSOA and 
on both facets of the Silicon chip to minimize back-reflections. 
(b) Three-dimensional representation of the examined compact external 
cavity laser configuration. The cut in the upper metal contact (yellow) of the 
RSOA chip reveals a ridge with a waveguiding QW structure (depicted in red). 
On the Silicon-based external reflector chip, the holes that define the PhC 
cavity are also marked with red (for consistency, a Dispersion Adapted design 
is considered here). 

78 

5.2 (a) Schematic illust  
 (green), as a function of wavelength, for an EC laser 

with a vertically coupled bus wavguide-PhC cavity external reflector. The 
ripple/modulation of the two spectra caused by non-zero reflectivity of the 
front RSOA facet and of both facets of the bus waveguide on the silicon chip, 
respectively, can result in a net gain maximum that assists the lasing of one of 
the parasitic longitudinal modes (marked in red) instead of the longitudinal 
mode defined by resonance of the PhC cavity (marked in black). Transmission 
spectra at 60 mA of two RSOA dies with a gain ripple extinction ratio of 
(b) ~1 dB, and (c) >4 dB. 

80 

5.3 Experimental characterization setup of the proposed compact external cavity 
laser, comprising a Reflective Semiconductor Optical Amplifier on mount 
(RSOA). The dashed light green frame highlights the EC laser cavity. S: silicon 
chip/photonic crystal cavity based reflector, DSO: digital sampling 
oscilloscope, PD: photodetector, OSA: optical spectrum analyser, SMF: lensed 
single-mode fiber. 

82 

5.4 (a) Top-view microscope image of experimental setup. An overhanging RSOA 
-coupled to the external reflector Silicon 

chip, comprising a polymer SU8 waveguide vertically coupled to a Dispersion 
Adapted (DA) photonic crystal cavity. (b) SEM image of the DA PhC cavity; 
the inset shows the correspondence of the lasing wavelength (L  red curve) 
of an indicative compact laser configuration to a resonance in transmission 
(T  blue curve) of the Silicon reflector chip. 
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5.5 Characterization of compact external cavity laser with resonant external 
reflector comprising a DA PhC 

-coupled LI curve at room temperature, and 
(b) contour plot of normalized lasing spectra versus drive current and 
wavelength, with the current range matched to the x-axis of (a). (c) Lasing 
spectrum at 50 mA. An extinction ratio of <49 dB was observed. Inset: Self-
heterodyne linewidth measurement spectrum (blue) with Lorentzian fit (red) 
centered at 55 MHz (the frequency of the AOM). A laser linewidth of ~4.5 
MHz can was measured. (d) Wall-plug efficiency at room temperature as a 
function of drive current. 

84 

5.6 Setup for self-heterodyne linewidth measurement. The output of the laser is 
split into half with a 50/50 fiber-optic splitter. The two parts are sent through 
an acousto-optic modulator (AOM) driven at a constant frequency of 55 MHz 
and a fiber delay line of 10 km, respectively. The two uncorrelated parts are 
then combined again at 2x2 fiber-optic splitter and their beating is recorded 
by a high-speed photoreceiver (PD) connected to an electrical spectrum 
analyser (ESA). A fiber-optic polarization controller (PC) is used to ensure 
that the two beam parts maintain the same polarization. 

84 

5.7 Lasing spectra for external cavity lasers utilizing resonant reflectors that 
comprise DA PhC cavities with different lattice constant . Spectrum d1 
(yellow) corresponds to a lattice constant  = 382 nm, d2 (red) to  = 384 nm, 
d3 (blue) to  = 386 nm and d4 (green) to  = 388 nm, respectively. The inset 
shows an SEM image of a DA PhC cavity. Tuning the lattice constant  
(indicated in red) results in variation of the cavity resonances (and resonant 
reflections). 

86 

5.8 (a) Near-field profile of the mode on the facet of the RSOA. (b) Near-field 
profile of the mode on the facet of the SU8 bus waveguide. 

87 

5.9 Experimental (black curve) and simulated (red curve) normalized power 
coupling coefficient as a function of (a) horizontal (y-axis), (b) vertical 
(x-axis), and (e) z-axis misalignment of the RSOA from the SU8 bus 
waveguide on the reflector chip, relative to the maximum coupling position. 
Threshold current as a function of (c) horizontal (y-axis) and (d) vertical 
(x-axis) RSOA-SU8 waveguide offset, relative to the minimum threshold 
current position. 
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5.10 (a) Lasing spectra at 80 mA for a temperature span of 60o C (from 20o to 80o C, 
in steps of 10o C). A red-shift of the emitted wavelength of ~4 nm can be 
observed. (b) Emitted wavelength as a function of temperature for: a packaged 
DFB laser at a drive current of 80 mA (black triangles), a compact EC laser at 
80 mA (green circles), and the same compact EC laser where wavelength 
stabilization is achieved by drive current tuning (from 150 mA to 50 mA, for 
20o C through 80o C, respectively  red crosses). A ±0.38 nm emitted 
wavelength variation is observed for the power tuning technique. (c) Emitted 
wavelength as a function of the fiber-coupled output power for a packaged 
DFB laser (black rhombi) and a compact EC laser (red squares). The 
significantly stronger dependence of the emitted wavelength on the intra-
cavity power can be inferred for the compact EC configuration. A compact 
external cavity laser with resonant external reflector comprising a DA PhC 
cavity with lattice constant  = 390 nm and fill factor r/  = 0.28 was considered 
for the above measurements. 

92 

5.11 (a) Cross-section of the resonant reflector chip on SOI. (b) Cross-section of 
the resonant reflector chip on SOI with an undercut of the Silicon substrate 
underneath the PhC cavity. Thermal profile of the PhC cavity on the SOI 
resonant reflector chip with (c) a Silicon substrate (as shown in (a)), and (d) an 
air substrate (as shown in (b)), for a stored power of 2mW. (e) Simulated 
localized DA PhC cavity temperature as a function of stored power for Silicon 
(red) and air (blue) substrate.  
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6.1 Schematic 
wavelength of the employed laser (red) does not coincide with the resonances 
of the resonant component (the transmission spectrum Tx of which is shown 
in blue). 

101 

6.2 Illustration of direct frequency modulation in the compact EC laser 
configuration. Transmission spectra depict the shift of the resonant 
wavelength of the PhC cavity on the reflector from a wavelength 1 
(Tx  black) to a wavelength 2  red dotted), which induces the shift of 
the emitted wavelength from 1 (Lasing  blue) to 2 (Lasing  green dotted), 
respectively. 
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6.3 (a) Schematic representation of the compact external cavity laser 
configuration discussed in this chapter. The laser cavity is formed by 
butt-coupling a III-V-based Reflective Semiconductor Optical Amplifier 
(RSOA) to an external reflector chip (S), comprising a bus waveguide 
vertically coupled to a Silicon PhC cavity embedded in a pn junction, that 
provides tunable wavelength-selective optical feedback (R2). The rear facet of 
the RSOA is HR-coated, acting as the second mirror of the laser cavity (R1). 
AR-coatings are used on the front facet of the RSOA and on both facets of the 
Silicon chip to minimize back-reflections. Tuning of the cavity resonance 
through the plasma carrier effect corresponds to modulation of the emitted 
wavelength. (b) Three-dimensional representation of the employed external 
resonant reflector. A bus waveguide is vertically coupled to a PhC cavity with 
a pn junction extending in its defect. The red and blue regions represent the 
n- and p-doped regions of the pn junction. 
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6.4 Fabrication process flow of tunable resonant devices: (a) A 4-inch SOI is given 
a CMOS pre-oxidation clean and is spun with positive e-beam resist  ZEP 
520A. Alignment marks are exposed on the resist by e-beam lithography. The 
wafer is developed in ZED-N50, and ZEP is removed from the exposed 
regions. Silicon is etched away from the uncovered parts by Reactive Ion 
Etching (RIE) and the desired pattern is transferred on the Silicon layer of the 
wafer. The patterned wafer is then stripped from the remaining resist and 
cleaned. (b) The wafer is spun with positive photoresist  Fujifilm HiPR6512. 
Ion implantation windows are exposed on the resist by projection lithography. 
The exposed wafer is developed and ions are implanted in Silicon at the 
exposed windows. The wafer is then stripped from the remaining resist and 
cleaned. (c) The implantation widow patterning, ion implantation and wafer 
cleaning steps (shown in (b)) are repeated for as many cycles as the number of 
different dopants and doses desired. For the devices used here, the wafers 
underwent four doping cycles: n+ (dark blue), p+ (maroon), n (light blue) and 
p (red). The wafer is then diced in dies/samples (corresponding to the 
projection lithography reticules). (d) Each sample is spun with ZEP 520A and 
the desired pattern (PhC cavities) is exposed on it by e-beam lithography. A 
3-point alignment method using the alignment marks is utilized to ensure that 
the centre of the depletion region of each pn junction would coincide with the 
centre of each PhC cavity. (e) The sample is developed and the exposed pattern 
is transferred to Silicon by RIE. The patterned sample is stripped from the 
remaining resist and cleaned. (f) The sample is clad with SOG and the 
thickness of the SOG layer is reduced by RIE. (g) The stripped-from-SOG 
Silicon parts are covered, and the sample is spun with SU8 polymer. 
(h) Utilizing a 3-point alignment method, SU8 polymer waveguides are 
formed by electron-beam lithography and development in EC-solvent. 
(i) Electrical vias are etched through the SOG layer and electrical contacts are 
formed using lift-off. 
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6.5 (a) Schematic representation of PhC cavity and pn junction. The different 
doping regions are shown in different colours: p+ in maroon, n+ in dark blue, 
p in red, n in light blue. The electrical vias are shown in yellow. (b) Position of 
p+pnn+ junction relative to the field distribution (Ey) of the first order mode 
of a DA PhC cavity. (c) Complete view of a tunable resonant reflector device. 
The doping regions are designed to keep the electrical vias and metal 
electrodes on the same side of the bus waveguide (in green). (d) Position of 
metal electrodes (in grey) with respect to electrical vias (in yellow). 
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6.6 (a) Experimental setup for DC characterization of the tunable resonant 
reflector devices. ASE: amplified spontaneous emission broadband source, AL 
(1-4): compact aspheric lenses, PBS: polarizing beam splitter, S: silicon 
chip/tunable photonic crystal cavity based reflector, PP (1-2): probe 
positioners connected to a Keithley 2450 SourceMeter, DSO: digital sampling 
oscilloscope, PD: photodetector, OSA: optical spectrum analyser, 
SMF: single-mode fiber. 
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6.7 
and (b) resonant wavelength shift (in transmission) as a function of bias 
voltage, for a polymer waveguide vertically coupled to a Silicon DA PhC cavity 
with lattice constant  = 390 nm and fill factor r/  = 0.28, embedded in a pn 
junction. 
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6.8 (a) Schematic representation of compact EC configuration for direct 
frequency modulation and experimental equipment for the modulation of the 
resonant wavelength of the PhC cavity. A signal generator and needle probes 
on probe positioners (PP1 and PP2) were used to drive the pn junction on the 
Silicon reflector chip. A DC bias was added with a bias T. (b) Top-view 
microscope image of compact EC laser device for direct frequency 
modulation. An overhanging RSOA chip (250 m long) on mount is butt-
coupled to the external reflector Silicon chip, comprising a polymer SU8 
waveguide vertically coupled to a Dispersion Adapted (DA) photonic crystal 
cavity that is embedded in a pn junction. The tips of the needle probes used to 
apply the driving voltage can be seen on the metal electrodes. The inset shows 
a SEM image of a DA PhC cavity: the blue and red regions indicate the p- and 
n-doped regions of the pn junction. (c) Setup used for heterodyne detection. 
The output of the studied modulated EC laser (as shown in (a)) is combined 
at a 3x3 fiber-optic splitter with the output of a tunable laser that is tuned to 
match the central emitted wavelength of the EC laser (i.e. the emitted 
wavelength at the DC bias voltage, VDC). Their beat note is observed using a 
power meter (PM), a fast digital sampling oscilloscope (DSO) and an optical 
spectrum analyser (OSA). A fiber-optic polarization controller (PC) is used to 
ensure that the two beam parts maintain the same polarization. 
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6.9 Heterodyne detection of the frequency modulation of the output of the 
compact EC configuration examined in this chapter by a sine waveform with 
frequency (a) 10 kHz (corresponding to a frequency shift v = 4.3 GHz), and 
(b) 100 kHz (corresponding to a frequency shift v = 2.2 GHz). 
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6.10 Pn junction designs (relative to a DA PhC cavity) suitable for depletion type 
modulation: (a) pn (p+pnn+) junction used for the work described here, and 
(b) interdigitated pn junction. 
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6.11 (a) RSOA with a waveguide bent at the front facet butt-coupled to external 
vertically coupled waveguide-PhC cavity reflector with waveguide bent at the 
insertion facet. (b) Microscope image of angled (1), straight (2) and bent (3) 
SU8 polymer waveguides on SiO2 substrate. 
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6.12 Compact EC laser configuration comprising an RSOA butt-coupled to an 
external vertically coupled waveguide-PhC cavity reflector with a taper section 
at the insertion facet of the bus waveguide. 

117 

6.13 Conceptual representation of the chip bonding integration of the III-V RSOA 
chip on the SOI-based reflector chip for the formation of the discussed EC 
laser. 
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6.14 Compact EC laser array configuration comprising a 4-channel RSOA array 
butt-coupled to a Silicon chip with an array of four resonant reflectors based 
on a vertically coupled bus waveguide-PhC cavity system. 
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