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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF ENGINEERING AND PHYSICAL SCIENCES
OPTOELECTRONICS RESEARCH CENTRE

Doctor of Philosophy

by Ahmed Osman

Group-IV photonics has been an emerging topic of research over the last decade, which
focuses on the development of photonic devices that operate in the Near-Infrared (NIR)
and the Mid-Infrared (MIR) wavelength ranges. The work presented in this thesis fo-
cuses on the development of devices for the MIR. These devices are suitable for numerous
applications including chemical, biological and environmental sensing, security, commu-
nications, as well as astronomy. Silicon (Si) does not emit light efficiently, therefore
the integration of other light-emitting materials is highly demanded for Silicon Photonic
Integrated Circuits (SPICs). The main subject, which this project addresses is the inte-
gration of light sources, in particular Quantum Cascade Lasers (QCLs) emitting light in
the 3-5 ym wavelength region, that are waveguide-coupled on-chip using flip-chip boning.
This thesis presents the progress made towards this aim. This includes the development
of various components for the MIR wavelength range. Firstly, waveguides based on
the suspended Germanium (Ge) platform were designed, fabricated and characterised.
The main aim of investigating this platform is the fact that Ge is transparent in the
whole MIR wavelength range, unlike all the other group-IV platforms demonstrated to
date. Suspended Ge waveguides have been simulated, fabricated and characterised using
Germanium-on-Silicon-on-Insulator (Ge-on-SOI) as the initial platform for wavelengths
of 3.8 and 7.67 um. The lowest measured propagation loss values were 2.82 and 2.65

dB/cm respectively. Simulations have also been carried for the wavelength of 9.5 pm.
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Lastly, the integration of QCLs with waveguides based on the the Germanium-on-Silicon
(GOS) platform using flip-chip bonding was demonstrated. In this approach QCLs
operating at a wavelength of 5.5 ym were flip-chip bonded on a 3 um processed GOS
wafer. Light was then butt-coupled to rib waveguides and subsequently to an optical
fibre using grating couplers. The light sources were in a form of bars, each one containing
24 lasers and were provided by the University of Sheffield. Simulations have been carried
out to evaluate the effect of lateral and vertical misalignment on the coupling efficiency
and the performance of the grating couplers. Laser-bars where characterised prior to
bonding. The voltage of the laser-bar was measured at 15 °C, whereas the optical power
was measured at temperatures raising from 8 °C to room temperature ~20 °C. The laser
turn-on current was between 200 and 225 mA. The emitted optical power was ranging
from a minimum of ~25 to a maximum of ~35 mW. Laser-bars of the same material
were characterised once they were flip-chip bonded. The measured coupling loss was
25 dB at the point where the maximum coupled optical power was obtained, which
corresponded to a laser current of ~300 mA. This coupling loss is attributed to various

mechanisms discussed in this thesis.
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Chapter 1

Introduction

1.1 Silicon photonics and applications

Silicon photonics is a wide-ranging field that involves the development of Photonic Inte-
grated Circuits (PICs) for numerous applications ranging from high-speed optical com-
munications to ultrafast signal processing, optoelectronic integration and biological and
chemical sensing. All these technologies converge in silicon photonics taking advantage

of semiconductor wafer manufacturing scalability to reduce costs.

The constantly increasing demand for high speed telecommunications due to the enor-
mous growth of social networking and data sharing, via the cloud and smart mobile
handsets, has been the main driver for the development of optical interconnects. Op-
tical interconnection has attracted high interest in the development of energy efficient
communication systems, overcoming the I/O bandwidth limitations of the electrical data

communication, also known as the I/O bottleneck [1].

Over the past decades, silicon photonics has been exploited to evolve telecommunica-
tion technology for the transfer of vast amounts of data around the world, enabling
vital services such as the internet and reforming the very nature of telecommunications.
Compared to conventional electrical interconnects that suffer from energy budget due to
the high power consumption, as well as increased latency and decreased bandwidth, sil-
icon photonic interconnects achieve ultra-high-speed due to the use of a different signal
propagation mechanism thus preventing signal interference (crosstalk) [2]. As a result,
silicon photonics has become a promising solution towards compact, high-bandwidth
and low power-consumption communications with applications in datacom [3], opti-
cal access networks [4] and computer systems based on silicon photonic interconnects
[5]. More importantly, these devices can be fabricated using the already well-developed
Complementary Metal-Oxide Semiconductor (CMOS) fabrication infrastructure. This

results in high yield and production of devices in high volume at a cost that is scalable
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TABLE 1.1: Cost of different interconnect solutions [6].

Technology Cost of energy Power consumption | Power per Tbps
for 10 Gbps link

Copper 3500% per year 10 W 1 kW

Traditional optical | 700$ per year 2 W (10 Km) 200 W

interconnect

VCSEL or Silicon | 70$ per year 0.2W 20 W

Photonics

with large numbers. Table 1.1 shows cost and energy consumption figures of different

interconnect solutions.

Even though III-V-based photonics is the most mature integration technology due to
the fact that high-performance active devices can be developed using this platform, it
still needs to overcome the main issue of its incompatibility with the well-established
CMOS fabrication technology exploited for decades in electronics by various foundries.
Therefore, silicon photonics is the most promising next-generation technology that of-
fers the potential of development of photonic devices with a dramatically lower power
consumption, while keeping development costs low by taking advantage the currently
available CMOS high volume manufacturing capabilities. Furthermore, silicon photon-
ics enables the minimisation of time-to-market for the development of innovative and
disruptive photonic and opto-electronic devices, while maximising the industrial return

on investment.

The development of most silicon photonic devices is demonstrated using the CMOS-
compatible SOI platform (a few hundred nanometers of single crystal silicon layer on
top of a few micron thick BOX layer), due to the fact that this platform offers the abil-
ity of integrating both electronic and photonic components on the same chip. This has
mainly been driven by the high index contrast between the silicon core (ng; ~ 3.47) and
the cladding material whether it is air or SiO2 (ngi0, ~ 1.45) which allows for high con-
finement of the optical mode in the waveguide core. Moreover, their optical transparency
in the 1.55 pm wavelength window enables the development of ultra-compact passive
PICs of dimensions in the submicron scale, allowing for high density integration on a
chip. One of the first device demonstrations using this platform was waveguides in 1985
[7] which was commercialised later in 1989 by Bookham Technology Ltd. [8]. The ad-
vancement in data communications technology lead to the realisation of SOI-waveguide
p-i-n junction modulators [9] and Ge-, Silicon-Germanium (SiGe)-based photodetectors
[10], and modulators [11]. However, the integration of light sources on Si-based plat-
forms still remains a challenge. Several advancements towards obtaining an on-chip light

source for the development of integrated PICs have been made as discussed in 2.3.
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Other devices demonstrated based on the SOI platform include ring resonators [12],
Wavelength Division Multiplexers (WDMs) [13], photonic crystals [14], Angled Multi-
Mode Interferometers (AMMIs) [15], grating couplers [16], optical power and polarisation
splitters [17, 18], etc.

Apart from common short-reach applications such as data communications in data cen-
tres, silicon photonics is also used for long-reach high-bandwidth digital communication
applications. In this case, complex modulation schemes and coherent communications
are required. Numerous other novel applications are also being investigated in both
academia and industry using this technology including biosensing [19] and nonlinear
optics [20]. Moreover, silicon photonics has enabled the development of chip-scale solid-
state Light Detection and Ranging (LIDAR) systems which require the dense integration
of multiple optical components including lasers, amplifiers, phase and amplitude control
low-noise photodetectors, mode converters, and optical waveguides. Silicon photonics
also enables the integration of these components in a compact form factor that can be

manufactured in high volume. [21].

In a nutshell, the fact that the development of commercial electronic devices make use of
the same material is the main advantage of silicon photonics in enabling the integration
of both optical and electronic devices on a single platform thus reducing product size

and development cost.

1.2 Mid-infrared silicon photonics and applications

MIR silicon photonics is a topic of research that focuses on the development and in-
tegration of compact, low cost and energy efficient photonic devices in the wavelength
region of 2-15 um. This region of the electromagnetic spectrum has appeared to be
attractive for the development of various devices for gas, chemical and biological sensing
[22] as well as spectroscopic applications [23]. That is because the vibrational transition
energies of numerous molecules fall in the wavelength range of 2-20 pm. This spectral

region includes absorption bands for various molecules.

Detection and measurement of gases is of crucial importance in modern life. For example,
it can determine whether the air we breathe or the water we drink is clean or polluted.
For example, volatile organic compounds, such as monochlorobenzene and chloroform,
are contaminants in drinking water and have absorption peaks near 13 pm [24]. In
addition, emission and immission measurements of, e.g., car exhaust and greenhouse
gases that are responsible for global warming, are required to help legislation and politics
to establish efficient ways to ensure our common health and future. In medicine, the
measurement of exhaled gases can be employed for the diagnosis of numerous diseases.
Many other gases that may be highly toxic or combustible, are hazardous. Therefore,

gas-sensing systems are required to ensure a safe working environment especially in an
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FIGURE 1.1: Graphical representation of the location of strong absorptions of molecules
of interest [26].

industrial environment. For example, sulfur dioxide, which is produced as a by-product
of the burning of fossil fuels contaminated with sulfur compounds, has strong absorption
near 7.6 um [25]. Natural gas is still one of the most important energy sources worldwide
and the basis for a huge number of products. But mixtures of air and natural gas can
be highly explosive. Therefore, leaks at gas wells, gas distribution infrastructure, power
plants as well as private residencies must be detected in a very short time. Finally, many
industries are producing and using special gases in their production processes. Gas
detection and concentration measurement systems down to trace-level concentrations
are essential for the operation of these plants. Additionally, gas sensing is important
to ensure safe operation in areas where explosive gases may exist. Apart from the
aforementioned substances, other molecules such as HoO, CHy, CO5, CO, NOx, SOx,
NHj3, and many other chemicals and gases also have strong absorption lines in the MIR
as shown in Figure 1.1. And because of the fact that the MIR “fingerprint” of different

gas molecules can be spectrally separated, a high degree of selectivity can be achieved.

The real-time monitoring of these gases in the environment and during industrial pro-
cesses demands low cost and compact sensors. Due to the fact that most of the sensors
and analysers are used to ensure safety, they have to comply with many regulations.

Therefore, some important specifications must be fulfilled:

o fail-safe operation
e limit of detection (LOD) significantly below lower explosive limit of gas mixtures

e no signal failure or saturation at high concentrations
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e preferably linear response

self-testing and indication of malfunction or inoperability

long-term autonomous operation

e low cross-interferences, no false alarms

fast response time

Silicon photonics appears to be a promising candidate because it can enable the devel-
opment of an integrated solution, at a low cost and with high compactness. Detection
of an analyte is based on its interaction with the evanescent field of the optical mode in
a waveguide. By appropriately designing the cross-section of the waveguide, this mode
overlap is maximised. This overlap results in light absorption at a specific wavelength
range, detected by measuring the transmission at the output of the waveguide, which
can consequently be translated into analyte concentration. A recent demonstration of

such a PIC is described in the next paragraph.

Among other gases that are important for trace-gas detection applications such as air-
quality monitoring and medical diagnostics, methane detection has attracted a lot of
interest over the past decade. A recent demonstration of such a system was presented
by IBM where silicon photonics technology was leveraged to develop a Tunable Diode-
Laser Absorption Spectroscopy (TDLAS) sensor that was CMOS-compatible [27]. The
demonstrated device (Figure 1.2) uses NIR (1650 nm) light from a DFB laser and an
uncooled InGaAs detector, to detect ambient CH4 using its interaction with the evanes-
cent optical field of a high-index contrast nanoscale silicon waveguide. The resulting
minimum detectable concentration is sub-100 ppm, which is limited by the Gaussian

noise.

However, CH4 has a much stronger absorption line in the 7-8 ym wavelength region than
in the NIR as shown in Figure 1.3. Therefore, a MIR sensor with the same characterstics
(i.e. laser power, detector Noise Equivalent Power (NEP), passive circuit loss, etc.)

would have a greater sensitivity than the NIR one.

An equally important gas to monitor is Carbon Dioxide (CO3) as it is vital for life on
Earth. In addition, it is a waste product of human activities and is widely used in
agriculture and industry. Moreover, it is important for monitoring the climate change.
Therefore, developing systems for sensing it accurately sensing is of great interest. A
recent demonstration presents absorption spectroscopy of CO4 using a suspended waveg-
uide based on the SOI platform at 4.24 pm [29]. The resulting performance is optical
sensing of COy concentrations down to 0.1%. Using this type of waveguide, an optical

mode field overlap (I') of 44% that of free-space sensing, is achieved.
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FIGURE 1.2: (a) Schematic representation of the SPWAS. The evanescent field of

the guided mode of a 10 cm SOI waveguide probes ambient CHy via IR-TDLAS. To

minimise the size of the device the waveguide is designed in a “paperclip” layout re-

ducing the area to 16 mm?. (b) False-colour cross section of the silicon waveguide. In

order to maximise the overlap of the optical mode field I' with the ambient analyte the

waveguide dimensions are designed for operation near the cutoff frequency. (c) E, field
profile of the waveguide’s fundamental TM mode. [27]
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FIGURE 1.3: Methane absorption in the MIR spectrum for a path length of 5 cm [28].
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FIGURE 1.4: Schematic of an optical sensor using the Vernier effect.

To improve the sensitivity, the effective interaction of the optical mode field with the
desired material for detection needs to be enhanced which can be achieved by utilising
Microring Resonators (MRRs) (Figure 1.5). In these devices light propagates around
the ring several times which increases the effective length of the sensing waveguide while
reducing the footprint of the device at the same time. MRRs based on the SOI platform
have been demonstrated for the MIR in the 3-5 pum wavelength region [30, 31]. However,
the main disadvantage of MRR devices is that tunable laser needs to be employed in
order to excite the cavity resonance. This issue can be overcome by using a Coupled-
Resonator Optical-Waveguide (CROW) (Figure 1.5(c)) as proposed in [32], where only
a fixed wavelength is required to excite the CROW. The sensing scheme of a sensor
using CROW is based on measurements in the spatial domain in which case a fixed
wavelength is required to excite the CROW for imaging the out-of-plane elastic light-

scattering intensity patterns.

An alternative solution to the MRR sensor is to use resonant disks [33] as shown in
Figure 1.5(d). In this approach, detection of the analyte is achieved by monitoring the
change in the transfer characteristics of the resonator disc when the analytes interact
with the active area. Compared to the MRRs, micro-disk resonators demonstrate higher
sensitivities due to the increased number of times that the optical mode interacts with

each analyte due to the resonance recirculation within the the micro-disc.

To further improve the performance of the sensor the Vernier effect is utilised. In
this case, the optical sensor is based on two cascaded rings with different Free Spectral
Ranges (FSRs) that is due to a slight difference in the radii of the two rings. One of

them acting as a filter and the other one acting as a sensor as shown in Figure 1.4.

In order to avoid any interaction of the analyte to be detected with the optical mode field
in the filter ring resonator, a cladding medium is used to cover it. On the other hand,
the sensing ring resonator is directly exposed to the analyte, resulting in a variation

of the optical mode effective index which in turn causes a wavelength shift AXgepsor
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FIGURE 1.5: Various ring resonator biosensors using different ring geometries.

of the transmission peak. This wavelength shift is then translated into the change in

concentration of the substance to be detected as described in [34].

In this way, sensitivity of an optical sensor is enhanced many times compared to that
of a single-ring sensor. This has been demonstrated in the NIR [35, 36, 37] and in the
MIR based on the SOI [38] and the GOS platform [39].

To further increase the sensitivity of a gas sensor, suspended waveguides have been used
to realise an optical sensor. This type of waveguides exhibit a higher external evanes-
cent field confinement factor I' resulting in higher interaction of the optical mode with
the analyte. In [40] the authors report the first demonstration of suspended InGaAs
membrane waveguides in the InGaAs-InP platform at such a long wavelength with gas
sensing results. Fully suspended InGaAs waveguide devices with a SWG cladding were
designed and fabricated for mid-infrared sensing at A = 6.15 pym in the low-index con-
trast InGaAs-InP platform exhibiting a propagation loss of 4.1 dB/cm. The authors
experimentally detect 5 ppm Ammonia (NHs) using a 3 mm long suspended waveguide.

A schematic illustration of the proposed device is shown in

Another field in which MIR spectroscopy has been applied to is healthcare. Applications
such as drug detection and glucose monitoring have benefited from the ability to develop

small, low-cost and mass-producible detectors. For example, cocaine detection in human
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FIGURE 1.6: Schematic illustration of a suspended InGaAs membrane waveguide with
a SWG cladding [40].

saliva has been demonstrated using GOS waveguides operating at 5.3 ym [41] and 5.8
pum [42].

In addition to the sensing applications, the high atmospheric transmission windows
in the 3-5 ym and 8-13 um ranges enables the development of applications in longer
distances such as remote explosive detection [43], thermal imaging [44], and free-space
communications [45]. Figure 1.7 shows these high transmission atmospheric windows
in the electromagnetic spectrum from the visible (400-700 nm) through the MIR. This
could be beneficial for atmospheric communications and for LIDAR systems as the
larger waveguide dimensions that are used in for the MIR compared to the NIR, make
the system more tolerant to fabrication errors. This in turn helps improve the phase
array performance as well as reducing the phase error induced by the sidewall roughness.
Furthermore, MIR light penetration in the cornea and skin tissues is lower, making MIR

lasers safer for humans [46].

Moreover, the threshold for Two-Photon Absorption (TPA) to occur in Si is ~2.2 pm,
enabling higher-power density transmission in the MIR than at telecom wavelengths.
As a result, the MIR range has attracted great interest for the development of nonlinear
optical devices operating at high power. The resulting higher power density in the
waveguides enables nonlinear phenomena utilised in applications such as wavelength

conversion [48], parametric amplification [49], and frequency comb generation [50].

The most popular platform for developing PICs has been SOI due to its CMOS com-
patibility. Over the past few years, several research groups have demonstrated low-

propagation-loss MIR waveguides in the wavelength range of 2-4 pm [51, 52, 53, 54, 55].
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FIGURE 1.7: Earth’s atmospheric transmittance over 1 nautical mile sea level path
from the visible to the MIR. The sources of the major absorptions are also indicated
[47].

However, this platform becomes unsuitable for applications using wavelengths beyond 4
pm as explained in 1.3. Therefore, alternative material platforms need to be investigated
which are studied in detail in 2.2.1.

Apart from Si- and Ge-based CMOS-compatible platforms, various alternative platforms
have been investigated due to their remarkable properties. Chalcogenide glasses (ChGs)
are well-known for their high infrared transparency (2-20 um) and amenability to fabri-
cation in thin film form which makes them attractive candidates for MIR optical sensors.
Chalcogenide on-chip waveguides have been demonstrated exhibiting low propagation
losses (up to 0.84 dB/cm at 5.2 pum for a Geg 115Arsenic (As)g.24Selenium (Se)g g5 on
Geg.115A80.245ulfur (S)g645 platform [56] and 0.6 dB/cm in the 2.5-3.7 um wavelength
range for a Zinc Selenide (ZnSe) on SiOg platform) [57]. However, there are a vari-
ety of properties associated with chalcogenide glasses that can complicate the utility of
these materials in traditional applications, including low thermal stability, low chemical
durability and photosensitivity, as compared to oxide materials. Traditional fabrication
techniques such as thermal evaporation and photo-lithography have been shown to be
viable for large-scale production of planar optical devices, but can suffer from drawbacks,
such as poor compositional fidelity and high post-fabrication surface roughness which
can lead to increased optical loss. As a result, the detection limit and sensitivity of the

final sensor system are affected.

III-V-based platforms such as InGaAs are very promising because of the wide trans-
parency range and low propagation losses [40]. Moreover, they exhibit large second-
order nonlinear coefficients making them suitable for nonlinear applications in the MIR.

However, there are drawbacks associated with III-V-based platforms. One of them them
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FIGURE 1.8: Absorption spectra of Si (red lines) and SiO5 (blue line) for A = 1-10 pum,

Si04 data imported from [58], Si data imported from [59] and [60]. It is worth noting

that SiOs, from which the loss in the graph was measured, is not high-purity silica that

is used for the production of optical fibres, but a high in water impurities SiO, layer
that was formed by thermal oxidation. Graph reproduced from [61]

is the low refractive index contrast (An ~0.3) between the waveguide core and the

substrate, resulting in larger passives.

As aresult, for large-scale integration Si- and Ge-based platforms are the most attractive,
even if their losses are still higher than chalcogenide-based platforms. In particular, in
appellations requiring large volumes and functionalities such as routing or multiplexing
sources, Si- and Ge-based platforms are probably the most suitable where a moderate

insertion loss of a few dB can generally be tolerated.

1.3 Main vision and thesis outline

The MIR spectral region promises to enable potentially transformative technologies.
However, due to the high absorption of SiOs above 3.6 um (i.e., higher than 2.5x103
dB/cm at 7.6 pm, rising to ~2.5x10* dB/cm at 8.0 um) [58] and Si above 8.5 um
(Figure 1.8), in order to develop devices which will operate at even longer wavelengths,

alternative material platforms to SOI are investigated.

More specifically, Ge is a promising material of high interest for building photonic devices
because its transparency range (2-14 pm) is larger than that of Si (1.2-8 um) as well as
other photonic materials such as Sapphire (150 nm - 4.5 pm) and Silicon Nitride (SiN)
(150 nm - 6.5 pum) as shown in Figure 1.9.
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FI1GURE 1.9: IR wavelength range over which waveguide propagation loss is less than
2 dB/cm. The white areas represent optical transparency; the red areas signify high
loss [62].

In addition, its refractive index is high (4.02 at 3.8 ym) meaning higher refractive index
contrast to air than that of Si to SiOs. Furthermore, optical modulation, non-linear
effects and carrier mobility are larger in Ge compared to Si. The work carried out in
this thesis focuses on developing Ge low loss waveguides in order to be integrated with
light sources in the future. The platform used for this purpose is Ge-on-SOI at 3.8 um
wavelength. However, the main aim is to operate at wavelengths longer than 4 um,
therefore due to the limitations in terms of absorption of SiOs, alternative platforms

such as suspended Si [63] have also been investigated.

As already mentioned Silicon Photonics offers a great opportunity for the development
of low-cost, mass-manufactured, miniaturised, optical sensor systems. Vibrational spec-
troscopy based systems in particular are where chip-scale integrated systems are at-
tractive. SOI has been the main platform for such systems due to its transparency
range (1.2-4 pm) [64], given that suitable integrated light sources and photodetectors
are available. Si and Ge, the two main materials that are broadly used in silicon pho-
tonics, would be the ideal candidates for the monolithic development of PICs. However,
these two materials have an indirect bandgap, rendering monolithic laser integration
onto PICs infeasible at the moment. Although recent developments have shown that
light sources can be realised using strained Ge [65], the technology is not yet mature.
On the other hand, high performance semiconductor lasers have been realised in III-V
semiconductors. Therefore, in order to achieve the development of comprehensive PICs,
there is an apparent need for the heterogeneous integration of III-V semiconductor light
sources on PICs. This integration can be realised in numerous ways which are thoroughly

discussed in 2.3.

The intention of the work included in this thesis is to demonstrate a range of devices
operating in the MIR that constitute the building blocks required for the development
of systems that sensing applications will benefit from. In particular, most of the effort
has been driven towards the integration of QCLs operating in the MIR, which have
been developed at the university of Sheffield, onto a GOS platform. The other point
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of interest in this thesis is the development of group-IV material platforms that can
support a much wider wavelength range extending their functionality beyond what has

been utilised to date. This thesis consists of the following chapters:

e Chapter 2 contains the literature review including recent results for various MIR
waveguide platforms as well as their benefits and drawbacks. It also includes an
extensive overview of the various photonic integration approaches and analyses

their advantages and disadvantages.

e Chapter 3 details the work carried out on suspended Ge. The chapter starts with
the waveguides developed for A = 3.8 um and then for A = 7.67 pm and lastly for
the longer wavelength of A = 9.5 ym. The simulation tools, fabrication process

and characterisation techniques are also presented in this chapter.

e Chapter 4 describes the development of the QCL integration with GOS waveguides
using flip-chip bonding. This includes the detailed discussion on the simulations
carried out for the various components comprising the whole device (angled waveg-
uide facets, waveguide bends, grating couplers, etc.), the fabrication process and

measurement setup used to characterise the final device.

e Chapter 5 discusses the conclusions for this thesis and describes possible future

work.






Chapter 2

Literature review

In this chapter the literature review including recent results for various MIR waveguide
platforms as well as their benefits and drawbacks is provided. Furthermore, an extensive
overview of the various photonic integration approaches as well as a discussion on their

advantages and disadvantages is also included.

2.1 Fundamental theory of waveguides

Waveguides are the main building block of every PIC. This section firstly presents
the basic theory of the underlying principles of planar waveguides. Next, an extensive
overview of the currently ongoing research for MIR photonics is provided by firstly
describing various material platforms used and then by providing an extensive overview

on the state-of-the-art device demonstrations.

To understand the operation of the waveguides presented in this thesis, a short descrip-
tion of the main types of waveguide geometries is provided. Next, Maxwell’s equations

will be used to provide an analysis of the planar waveguide.

The function of optical waveguides is to guide a light beam from one point to another.
They are the fundamental building blocks of optical integrated systems. Their basic
structure is comprised of a high-index core, through which the guided wave is propagated,
and a low-index cladding surrounding the core. In general, the waveguide cross-section

dimensions are of the same order of magnitude as of the the wavelength used.

There are several types of waveguides used in silicon photonics depending on the ap-
plication including rib, strip, buried and slot waveguides, the first two being the most
common types. The strip waveguide (Figure 2.1(b)) is mostly used for routing as it
offers the ability to use tight bending due to the high mode confinement in the waveg-

uide core. Rib waveguides (Figure 2.1(a)) are used in active devices such as modulators

15
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(a) Strip waveguide (b) Rib waveguide (c) Buried waveguide

FIGURE 2.1: Three main types of channel waveguides (a) strip, (b) strip and (c)
diffused.

where electrical connections need to be made. Diffused (also known as buried) waveg-
uides (Figure 2.1(c)) are formed by creating a high-index region in a substrate through
diffusion of dopants, such as a Lithium Niobate (LiNbO3) waveguide with a core formed
by Titanium (Ti) diffusion. The sidewalls of this type of waveguides are not sharply
defined due to the diffusion process. The thickness and width of the waveguide core are
defined by the diffusion depth and distribution of the dopant respectively. The diffused
dopants cause a change in refractive index that is approximately proportional to their
concentration. Alternatively, materials can also be implanted using ion implantation.
However, this process causes damages to the lattice and is therefore followed by anneal-
ing. Diffused waveguides have the advantage of low propagation loss (0.05 dB/cm [66]).
This type of waveguides is used in integrated optics, for light modulation as it provides
light guidance in small devices while controlling its flux. In this context, LiNbOg3 has al-
ways played a prominent role in the development of modulators due to its electro-optical
properties [67]. Alternatively, buried waveguides can be realised using ion-implantation
as well. In [68] integrated sub-micron erasable waveguides were realised for the first
time on an SOI platform. The waveguides were formed by ion implantation induced
damage, which can be subsequently processed with a localised laser treatment step to
repair the crystalline structure. By employing such implanted waveguides, erasable di-
rectional couplers have been demonstrated with high coupling efficiency, which form the
basic building block of an One-Time Programmable (OTP) photonic circuit. As a proof-
of-principle demonstration, 1x4 and 2xOTP switching circuits have been successfully

realised.

Oxide cladding is used for the protection of the devices and to allow placement of metal
interconnects without increasing propagation loss due to the metal absorption. However,
oxide cladding cannot be used at wavelengths higher than 4 pym due to the increasing

absorption as explained in 1.3.

In order to implement a theoretical analysis based on Maxwell’s equations the simplest
optical waveguide structure, which is the step-index planar waveguide, is used. A pla-

nar waveguide consists of a high-index dielectric layer with thickness h surrounded by a
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FIGURE 2.2: Schematic of an asymmetrical planar waveguide showing the three dif-

ferent layers and their respective refractive indices. From top: Cladding (n.), guiding
film (ny) and substrate (ns).

lower-index top cladding and bottom substrate, as shown in Figure 2.2, where the refrac-
tive index of the film ny is higher than the one of the substrate n, and upper cladding

ne. In addition, it is assumed that ng > n., which forms an asymmetric waveguide.

Light is propagated along the z axis, with its electric and magnetic field perpendicular to
each other and both being perpendicular to the propagation direction (z). In a region of
constant refractive index, the following wave equations for TE (2.1) and TM field (2.2)
can be derived from Maxwell’s equations. These describe the electric and magnetic field

distribution in the waveguide [69]:

2

T 4 ) - B ) =0 (2.1)
2

df—;ﬁy) T 2n2(y) — B Ha(y) = 0 (2.2)

where F and H are the electric field and magnetic field, respectively. kg is the wavenum-

ber and f is the propagation constant and are given by:

om\ 2
ko = ()\—0) = po€ow” (2.3)
B = koN (2.4)

where Ao, po €0, wo and N are the free space wavelength, free space permeability, free
space permitivity, angular frequency and effective refractive index of the mode, respec-

tively.
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FI1GURE 2.3: Schematic of the cross-section of an SOI rib waveguide.

Each of the equations 2.1 and 2.2 corresponds to the one of the two different orthogonal
polarisations of the mode. The first one is the TE mode where, the electric field is
polarised in y-direction (normal to the propagation direction (z)) in which £ = E,,
E, = E, =0, H, = 0. The second one is the TM mode, where the magnetic field is
polarised in y-direction in which H = H,, H, = H, = 0, B, = 0. These equations are
second-order differential equations, and to solve them, additional conditions must be
imposed. The solution to equations 2.1 and 2.2 can be found in [69]. It is worth noting
that the result consists of a sinusoidal electric (and magnetic) field in the core (ng)
and exponentially decaying (evanescent) fields in the cladding (n.) and the substrate
(ns). The field inside the core can be considered as transverse standing wave for which
only discrete field distributions are possible, which are referred to as guided modes. A
waveguide is considered as single-mode or multi-mode depending on the number of modes
that can be supported in it. The number of modes that a waveguide can support depends
on its geometry as well as the refractive indices of the core and the cladding layers.
A simple expression for the Single-Mode Condition (SMC) for large rib waveguides
(Figure 2.3) was first proposed by Soref et al. [70]:

)
<03+ — 2.5
—— (2.5)

[ =

(for 0.5 < r < 1), where r is the ratio of slab height to overall rib height, and W/H is
the ratio of waveguide width to overall rib height as shown in Figure 2.3. The analysis
carried out was limited to shallow etched ribs (r > 0.5) and the waveguide dimensions

were assumed to be larger than the operating wavelength.
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2.2 Review of research for mid-infrared photonics

In this section, silicon photonics for MIR applications will be comprehensively reviewed,
with regard to the state-of-the-art achievements from various device demonstrations
using alternative material platforms by various groups in the field. In addition, an
assessment of the outlook of potential future research topics and engineering challenges

along with opportunities are provided.

2.2.1 Material platforms and waveguides

Silicon photonics has been mainly connected with the development of PICs operating
in the NIR wavelength region. This technology has attracted great research interest in
the past decade due to the increasing demands for high data transmission capacity in
telecommunication applications and data centres. The key driving force that renders sil-
icon photonics a strong candidate is its fabrication compatibility with the well-developed
CMOS technology, which combines low-cost and high volume of production. However,
the NIR is not the only main point of interest. The MIR has attracted great research
over the past decade, research has been driven by the need to enable potential appli-
cations described in 1.2. However, many substances have strong absorption lines at
wavelengths longer than 4 pm making the SOI platform not suitable for such applica-
tions. For example, as already mentioned, CHy has a stronger absorption line in the 7-8
pm wavelength region. Therefore, alternative material platforms, which will enable the

exploitation of a wider range of the MIR, need to be investigated.

Low propagation loss in optical waveguides is the main requirement that should be met
towards the development of PICs. In pursuit of this goal, various material platforms

and geometric structures have been demonstrated.

e Silicon-on-Insulator (SOI)

In the last decade, SOI has been the most attractive material platform for the
development of PICs and this is due to a number of reasons. Firstly, crystalline Si
is an exceptionally good optical material that exhibits low absorption in the 1.2-8
pm wavelength region which makes Si the most suitable candidate for telecom ap-
plications at 1310 and 1500 nm. Moreover, the high refractive index contrast (An)
of 2.02 at 1550 nm between Si and SiOg results in high optical mode confinement
in a waveguide cross-section of sub-wavelength dimensions. This reduces the com-
ponent’s size enabling the integration of compact photonic components on a chip.
Lastly, SOI is compatible with the mature and well-developed CMOS manufactur-
ing processes. SOI-based waveguides that exhibit low propagation loss down to
0.6-0.7 dB/cm for both TE and TM polarisations have been demonstrated at 3.39
pm using a 2 pum thick Si layer [71]. In 2012 and 2013, other developments report
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propagation losses in the 3-5 dB/cm rage at 3.8 pm using 500 nm and 400 nm
thick strip SOI waveguides [53, 54]. Other demonstrations have been reported for
wavelengths up to 4 um by several research groups by optimising the cross-section
design of the waveguides [30, 51, 52, 55, 72]. In terms of fabrication compatibility,
this is the most commonly chosen platform for wavelengths <4 pum). At longer
wavelengths, mode sizes become bigger meaning that mode confinement is reduced
which results in leakage of the optical mode into the substrate. To minimise it,
the thickness of the BOX has to be taken into account. Commercially available
SOI wafers are provided with either 2 or 3 ym of BOX. The first is suitable for
operating wavelengths around 2 pum, while at higher wavelengths around 3.75 pm
a thicker BOX is required.

Suspended silicon membrane

A novel solution to extend the operation of SOI and exploit the full transparency
range of Si is to remove the lossy BOX by several techniques thus creating a
suspended Si membrane. There are several advantages of using suspended struc-
tures. Firstly, they can be fabricated using commercially available SOI wafers
using the existing well-developed CMOS fabrication processes available. In ad-
dition, by accurately controlling the structure’s dimensions, its optical properties
such as dispersion, can be engineered. The first demonstration of such structure
for the MIR was reported by Cheng et al. in 2012 [73]. In this work the BOX in
a typical SOI wafer is locally removed using HF to create a SMW where access to
the BOX is provided by an array of periodic holes alongside the waveguide. The
initial platform comprised a 340 nm thick Si layer on a 2 um thick BOX. Rib
waveguides were defined by a combination of Electron-beam (e-beam) lithography
and ICP etching steps. The dimensions of the waveguides were: Width (W) =
1 pm and etch depth (ED) = 240 nm. The influence of the periodical holes on
the optical mode, the Bragg grating coupler coefficient (k). From simulations,
the minimum distance between the holes and the waveguide (W1) at which  is
negligible, was 2 ym. To take into account a margin for error, this distance was
selected to be 2.5 pm. The holes had a distance between them of (L1) = 2 pum
while each one had a width of (W2) = 0.5 um and a length of (L2) = 1 um. For
these dimensions, the corresponding wet etching time for the complete removal of
the BOX was 80 minutes. Figure 2.4 shows an SEM image of the cross-section of
a fabricated SMW. The waveguides were characterised at A = 2.75 pym and the
resulting propagation loss was 34+0.7 dB/cm.

However, the described approach involved 2 dry etch steps, one to define the rib
waveguide and a second one to define access holes. Furthermore, the mechanical
stability of the structure was limited due to the large distance of the waveguide
core from the fully etched holes required to reduce reflections resulting in wide

and thin Si membranes. An alternative design was proposed by Penades et al.
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FI1GURE 2.4: Cross-sectional SEM image of the SMW showing the complete removal
of the underlying BOX [73].
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FIGURE 2.5: Schematic of the suspended waveguide with SWG lateral cladding [74].

in 2014 [74] where a new concept was introduced. The main is idea is to have a
sub-wavelength lattice of holes that will act as both a lateral waveguide cladding
as well as access to the BOX allowing for its subsequent removal using HF as
shown in Figure 2.5. The advantage of such a design is that only 1 dry etch
step is required. Moreover, an improvement of the the mechanical stability of
the structure is achieved as the waveguide core remains unetched unlike in [73].
The dimensions of the waveguide core and the SWG cladding are determined
using Bloch—Floquet mode calculations. The propagation loss achieved using this

approach was 3.4 dB/cm at 3.8 pm.

The same approach was used by the same group upon optimising the waveguide
geometry and fabrication process [75] to develop 1.3 um wide suspended strip
waveguides using a 500 nm thick Si layer on a 3 um thick BOX achieving a re-
markably low propagation loss of 0.82 dB/cm at 3.8 um. However, the potential of
this structure was not fully exploited until 2018 when the same group demonstrated
suspended Si waveguides at A = 7.67 um. The propagation loss was measured be-
fore and after the BOX removal to be 62.3+£9.6 and 3.1£0.3 dB/cm respectively.
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FI1GURE 2.6: SEM image of the cross-section of a cleaved suspended waveguide. It can
be seen that the underlying BOX has been completely removed. The roughness at the
etched parts of the waveguide caused by the HF etching is also apparent [63].

The authors attribute the loss to multiple sources. The material loss and sub-
strate leakage contributed by ~2.2/dB/cm in total according to simulations while
the remaining 0.9 dB/cm emanated from scattering caused by the HF etching as

observed from the SEM image shown in Figure 2.6.

Nonlinear applications are where suspended structures have attracted interest.
This is due to the fact that this type of waveguide offers sub-wavelength mode
confinement with effective modal area of ~1 pm?. This results in a significant en-
hancement of the nonlinear optical interactions which enables efficient wavelength
conversion using low pulse energies. This enables the development of nonlinear op-
tical systems that exhibit small size, low complexity, and reduced power consump-
tion. In a recent demonstration, suspended Si waveguides with a SWG cladding

were used for frequency comb generation across a bandwidth of 2.0-8.8 ym [76].

e Silicon Nitride (SiN)

SOI has some drawbacks that make it unsuitable for some emerging applications
of silicon photonics. For example, Si is not transparent in the visible wavelength
range (£400-700 nm). SiN is an alternative material platform that has high index
contrast with Si (An = 1.44 at 1550 nm), and similarly to SOI, it is CMOS com-
patible. SiN is typically deposited by either Low-Pressure Chemical Vapor Depo-
sition (LPCVD) at high temperature (>700 °C) or by Plasma-Enhanced Chemical
Vapor Deposition (PECVD) at low temperature (<400 °C). Low loss waveguides
have been demonstrated using this material in the MIR. In [77] SOSN, the authors
report propagation loss as low as 0.16 dB/cm at A = 2.65 um. Apart from the
guiding material, SiN is acting as a bottom cladding material in SOSN waveg-
uides replacing the BOX, thus extending the transparency range beyond 4 pym of
wavelength. Waveguides with propagation loss of 5.2 and 5.1 dB/cm for TE and
TM respectively at A = 3.39 um have been demonstrated [78]. Fabrication of the
SOSN platform is achieved by bonding. Firstly, An SOI sample is coated with a
low-stress SiN layer by PECVD. Then the SiN is directly bonded to a Si handling
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FIGURE 2.7: Schematic of SOSN fabrication process [78].

sample after planarising the surface using spin-on-glass (SOG). The fabrication
process is depicted in Figure 2.7. To complete the process, the final structure is
annealed at 450 °C in a nitrogen environment. To remove the back Si a combina-
tion of lapping and wet etching using Tetramethylammonium Hydroxide (TMAH)
is carried out. Finally, the BOX layer is removed using diluted HF acid solution
exposing the thin Si film to process the waveguide. The authors note that bonding
is carried out in vacuum as opposed to at atmospheric pressure in order to avoid
the formation of undesired bubbles. This is crucial for achieving low propagation
loss as these bubbles can act as a source of loss since they could cause dislocations

in the silicon layer resulting in scattering.

e Silicon-on-Sapphire (SOS)

Another alternative to SOI that has been investigated is SOS. This platform
was firstly used in the electronics industry as an alternative to bulk Si [79] due
to sapphire’s high insulating capability as a substrate resulting in low parasitic
capacitance and lower power consumption compared to bulk Si [80]. This platform
has attracted research interest since it is commercially available, it provides a
high refractive index contrast between the core and the bottom sapphire cladding
of An ~1.7 resulting in high optical mode confinement, and it is suitable for
operation in the MIR since sapphire is transparent up to 5.5 pum. Researchers
have reported waveguides based on the SOS platform for the MIR. In [81], the
authors report 1.8x0.6 ym waveguides operating at 4.5 um with a propagation
loss of 4.3 £ 0.6 dB/cm. 100 mm diameter wafers were used where the Si layer
was epitaxially grown on a sapphire substrate. The waveguides were defined by
a combination of e-beam lithography and dry etching using Tetrafluoromethane
(CF,4) plasma. Next, a wet resist removal was used to strip the resist. However, it
was not completely removed leaving residue on the waveguide surface. The chip
was then cleaned using a piranha etch, which resulted in a considerable waveguide
loss improvement. An SEM image of the fabricated SOS waveguide is shown in

Figure 2.8.



24

Chapter 2 Literature review

FIGURE 2.8: False-colour SEM image of the cleaved end-facet of an SOS waveguide.

Silicon is depicted in green while sapphire in blue [81].

However, compared to what has been achieved using other platforms, the propa-
gation loss achieved was fairly high. Another demonstration reports propagation
losses below 1.4 dB/cm near A = 2.08 pm and less than 2 dB/cm at A = 5.18
pm [82]. The results achieved at the longer wavelength in particular, represent a
significant reduction over the best previously published results in this wavelength
range. In this work, the low loss is attributed to the epitaxial growth process used
to fabricate the SOS material stack, resulting in a dramatic reduction of defect
density. In this work, the waveguides were defined using an I-line stepper mask
aligner that can achieve a resolution of ~400 nm. This contributed to minimising

the sidewall roughness, thus reducing scattering losses.

Although there are promising results achieved using SOS, there are not substantial
advantages over other material platforms, in terms of the low loss range given the
fabrication difficulty of sapphire due to its hardness. In addition SOS wafers suffer
from high dislocation defect densities at the Si—sapphire interface [83]. Therefore,
the Si layer has to have a minimum thickness of 600 nm to achieve low propagation
losses. Moreover, the sapphire substrate exhibits high loss beyond 6 ym and typical
SOS wafers involve more complicated fabrication processes, and are more expensive

than commercially available SOI wafers.

Silicon-on-Porous-Silicon (SiPSi)

An additional proposed platform for MIR devices is the SiPSi in which the bottom
cladding consists of a Porous Silicon (PSi) layer, formed in the same Si wafer
using high-energy proton beam irradiation and electrochemical etching. In [52] the
authors demonstrate 4x2 um strip waveguides at 1.55 and 3.39 pym. Figure 2.9

shows an SEM image of the proposed waveguide structure.

The resulting propagation losses were 2.1 + 0.2 dB/cm at 1.55 pym and 3.9 + 0.2
dB/cm at 3.39 pm. In the same report, SOI waveguides of the same dimensions

were also fabricated with a propagation loss of 0.6-0.7 dB/cm at 3.39 pm. The loss
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FIGURE 2.9: Cross section of a SiPSi waveguide [52].

figures of the SiPSi are noticeably higher than than those of SOI waveguide, mainly
due to the the high-energy irradiation which has resulted in material damage and
therefore scattering loss. Despite the higher propagation loss, SiPSi exhibits the
highest mechanical stability among all waveguide types fabricated on a standard Si
wafer, however, accurate control of the high-energy irradiation is needed in order to
to avoid damaging the guiding region which will lead to an increased propagation

loss.

e Germanium-on-Silicon (GOS)

As discussed in the previous sections, Si based platforms have been widely used
for photonic integrated circuits in the MIR, However, the intrinsic absorption of Si
at wavelengths longer than 7.7 ym (i.e., 2.14 dB/cm at 7.67 pum, increasing to 4.6
dB/cm at 9 pm and 9.3 dB/cm at 11 pum [84]) renders Si-based MIR integrated de-
vices unable to operate in the long-wave infrared fingerprint spectral region (8-15
pum). Ge has become a material of high interest for MIR integrated photonics due
to its CMOS compatibility, wide spectral transparency window (2-15 pm) [62],
high refractive index (n = 4 at 7.67 pum), and high third-order nonlinear suscep-
tibility (~107!® m2/V?) [62]. These features enable the exploitation of a wider
wavelength range in the MIR, as well as the development of small-footprint and
high-efficiency nonlinear devices. The first demonstrated work where Ge was used
as guiding material in the mid infrared was in [85]. The authors reported single
TM mode strip waveguides fabricated using GOS at 5.8 um with a propagation loss
of 2.5 dB/cm measured using the Fabry—Perot resonance method. This loss value
is attributed to the sidewall roughness since Ge has low intrinsic absorption in the
MIR. Moreover, due to the 4.2% lattice mismatch between Si and Ge, dislocations
form in the first few hundred nanometers in the interface between them. These
defects cause scattering contributing to the propagation loss. GOS waveguides
have also been demonstrated at higher wavelengths. In [86] the authors report

waveguides for the 7.5-8.5 um wavelength range, with a minimum propagation



26

Chapter 2 Literature review

m—— Jium EPFL

FIGURE 2.10: SEM image of the 2 pm GOS waveguide [86].
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FIGURE 2.11: TEM images of the Ge/Si interface showing that the defects are mainly

accumulated at the interface [87].

loss of 2.5 dB/cm at 7.575 pm. The loss sources are investigated however there
is not one being the dominant. Figure 2.10 shows an SEM image of the proposed

GOS waveguide.

However, the lowest propagation loss ever reported was in 2015 from the same
group [87]. In this work 2.9x2.7 rib waveguides with an etch depth of 1.7 ym were
demonstrated exhibiting a propagation loss of 0.584+0.12dB/cm at a wavelength
of A = 3.8 um. The use of a thick Ge layer resulted in a lower optical mode
interaction with the defects at the Ge/Si interface. Moreover, TEM images of this
interface reveal that the threading dislocations are accumulated at the interface

and not propagated along the Ge layer as shown in Figure 2.11.

In addition, the use of a combination of high-resolution e-beam lithography and

ICP etching, resulted in vertical etching profile with low roughness which helped



Chapter 2 Literature review 27

(a) Cleaved waveguide cross-section (b) Etched waveguide sidewall

FIGURE 2.12: SEM images of the proposed GOS waveguide structure proposed in [87]

reduce scattering and in turn the propagation loss as seen from the SEM images

in Figure 2.12

The achieved loss is considerably lower what was reported in [85] which is due
to the thinner Ge layer (2 pum) that was used and the longer wavelength (5.8
pum), resulting in lower optical mode confinement in the waveguide, hence, higher

interaction with the defects.

Recently, advances towards the exploitation of the full transmission window of
the GOS platform have been made. In [88] the authors demonstrate 4x2 pm rib
waveguides with an etch depth of 1 um at wavelengths ranging from 7.5 to 11 um.
The resulting propagation losses were measured with the Fabry — Perot cavity
method to be lower than 5 dB/cm for both TE and TM polarisation across the
full wavelength range. More importantly, in the wavelength range from 10 to 11
pm the losses for TE polarisation are as low as ~1 dB/cm, which is the propagation

loss value reported at such long wavelengths.

¢ Germanium-on-Silicon-on-Insulator (Ge-on-SOI)

GOS has been extensively utilised in developments in MIR photonics. However,
it has been noted that Ge-on-SOI exhibits better performance in terms of thermal
stability and electrical isolation due to the underlying SiOy buffer layer [89]. On
the other hand, this raises the concern of optical absorption in the BOX, which
limits the transparency range of this platform to wavelengths <4 pm. Though,
this can be avoided by having a thick Si layer thus reducing the optical mode
interaction with the lossy BOX. In [90] Ge-on-SOI strip waveguides with a min-
imum loss of ~8 dB/cm at 3.682 um are reported. Ge of thickness of 0.85 and
2 pm was used with a 220 nm thick Si layer on top of a 2 um thick BOX. The
top Ge layer was epitaxially grown using a Ultra-High Vacuum Chemical Vapour
Deposition (UHV-CVD) system. Figure 2.13 shows TEM images of the fabricated
waveguides showing large dislocation defects which have reached the Ge core over-
lapping with the optical mode thus increasing scattering, which in turn increases

the propagation loss.
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FiGURE 2.13: TEM images of the fabricated waveguide cross-section with 0.85 pm
(left) and 2 pm (right) Ge core thickness. The simulated mode profiles are shown in
the the corresponding image [90].

According to the authors, a high temperature anneal should follow the Ge growth
to decrease the Threading Dislocation Density (TDD) thus obtaining a high quality
Ge film. However, this on its own is not sufficient to dramatically reduce the
propagation loss. In [89] the authors perform an annealing step at 800 °C to reduce
the TDD, in a 2 um thick Ge layer grown on a 3 pum thick SOI wafer. The measured
propagation loss was 7 dB/cm showing that the annealing step is of low importance
in reducing the propagation loss. Alternatively, Rapid Thermal Annealing (RTA)
can be performed to cause the threading dislocations to be diffused out of the
waveguide core, thus reduce scattering. Apart from the threading dislocations,
the refractive index contrast between Ge (n = 4.1) and Si (n = 3.4) at A = 3.8 um
[91] is considerably less than that of SOI (An = 2.01). This results in a large device
footprint due to the low mode-confinement. Moreover, due to the large thermal-
coefficient of Si in both GOS and Ge-on-SOI platforms, the device’s sensitivity to

thermal fluctuations is increased.

¢ Germanium-on-Insulator (GOI)

An alternative material platform eliminating the issues of Si mentioned previously,
is GOI. This platform was firstly demonstrated in [92] where a Ge layer of a few
hundred nanometers of thickness stands on a thick BOX layer. Fabrication of the
GOI wafer starts by depositing a SiOs capping layer a bulk Ge wafer to protect
the latter’s surface followed by implantation of H* ions under the Ge surface. The
protective SiOs layer is then removed and a 10 nm Aluminium Oxide (AlzOs3)
layer is deposited in its place. Then, the implanted Ge wafer is bonded to a Si
substrate which has a 2 um SiO» layer on it which will compose the BOX. Finally,
the wafer is annealed to cause splitting along the implanted H™ ions and the top
Ge surface undergoes a Chemical Mechanical Polishing (CMP) process to reduce

surface roughness and obtain the final GOI wafer. The whole fabrication process
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F1GURE 2.14: Fabrication process of the GOI platform using wafer bonding and layer
splitting by annealing implanted H* ions [92].

is depicted in Figure 2.14. The advantage of this method overcomes the issue of
the defect formation in the Si/Ge interface induced by epitaxial growth due to the

lattice mismatch of the two materials in GOS and Ge-on-SOI.

In this work, a 400 nm thick Ge layer was used to fabricate 2 ym wide rib waveg-
uides with an etch depth of 300 nm. The measured propagation loss was 14
dB/cm at a wavelength of 2 um. The reason for obtaining such a high propaga-
tion loss (compared to what has been achieved in other Ge-based platforms) is not
clearly stated. Presumably, surface roughness was the main source of loss as the
waveguide dimensions were small thus increasing optical mode interaction with
roughness. GOI fabricated using the same method but with a higher Ge thickness
(515 nm) was used in [93]. In this report 1.1 pum wide rib waveguides with an
etch depth of 265 nm were characterised exhibiting a propagation loss of 4.540.5
dB/cm at 3.8 pm.

However, the insulator used in the previous demonstrations was SiOs which lim-
its the operation wavelength of the device. In order to overcome this limit, the
BOX layer can be made of chalcogenide glass with a broader transmission range
for operation in the MIR. In [94] the authors demonstrate the fabrication concept
of a GOI platform with an Yttrium Oxide (Y203) BOX layer using a commer-
cial GOI substrate with a SiOs BOX. The proposed platform enables operation
at wavelengths up to at least 13 pm. The fabrication process started with the
preparation of a commercial GOI substrate that had a 100 nm thick Ge layer and
a 140 nm thick SiOo BOX. Next the Y203 is deposited on both the GOI and Si
substrates by sputtering, upon removing the native oxide using diluted HF. The
BOX that was deposited had a thickness of 2 um. The ability to deposit a thick

BOX enables the development of a platform with reduced loss due to substrate
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FIGURE 2.15: Fabrication process of the GOI platform using wafer bonding and layer
splitting by selective etching of SiO2 from commercial GOI substrate [94].

leakage loss. A CMP step followed to ensure low surface roughness before direct
wafer bonding. The bonding quality is improved by treating the surface using O9
plasma irradiation. The final platform is obtained upon separation from the donor
wafer by selective etching of the SiO5 layer. Figure 2.15 depicts the fabrication

process flow.

¢ Germanium-on-Silicon Nitride (GOSN)

As already mentioned, the relatively small refractive index contrast between Ge
and Si compared to that of SOI results in larger bend radii in GOS and Ge-on-SOI
meaning larger footprint of devices. Therefore, replacing the Si cladding with a
material of a lower refractive index and high transparency in the MIR is essen-
tial. In addition to GOI, GOSN provides large refractive index contrast between
the core and the cladding as well as a broad transparency range in the MIR as
SiN is transparent at wavelengths up to ~7 pym. In [95], the authors report the
development of a GOSN platform for the MIR. In this work, wafer bonding and
layer transfer are used in order to realise the final platform. This technique was
preferred over the direct growth of the Ge layer on SiN in which the quality of
the deposited layer is poor with a high defect density at the Ge=SiN interface due
to the later being amorphous resulting in high loss due to scattering. Fabrication
of the structure begins with the growth of a 1.5 pum thick single crystal Ge on Si
donor wafer using Reduced Pressure Chemical Vapor Deposition (RPCVD). This
is then followed by coating of the deposited layer with SiN and finally transferred
to another Si substrate to obtain the GOSN wafer. A 300 nm thick SiOq layer
deposited using PECVD is used to assist bonding with the Si handle wafer. In this
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FIGURE 2.16: Fabrication of the GOSN platform using bonding and Layer transfer
process. The bonding layer shown in the diagram is SiOs [95].
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work, a hydrophilic type of bonding is used, resulting in the formation of water
molecules during the bonding reaction. Therefore, SiO5 is chosen as the bonding
layer due to its ability to absorb these water molecules resulting in high bonding

quality. The whole process is depicted in Figure 2.16.

The refractive index of the deposited SiN layer was measured by ellipsometry to
be 1.9 at 3.8 pm meaning a refractive index contrast with Ge of An = 2.2. Based
on the fabricated platform, waveguides were realised and characterised at 3.8 pm.
Patterning the Ge layer was carried out using standard optical lithography which
was then followed by Reactive Ion Etcher (RIE) to form strip waveguides with
a width and height of 1 and 2 pm respectively as shown in Figure 2.17(a). As
seen from this SEM, the waveguide sidewalls are not completely vertical which is
attributed to the etching quality. Another SEM image taken from a different angle
(Figure 2.17(b)) shows low sidewall surface quality also due to the etching. The
measured propagation loss of the GOSN waveguides was 3.35 £ 0.5 dB/cm while
the bend loss for a bend radius of 5 ym was 0.14 £+ 0.01 dB/bend. The propagation
loss achieved is higher than what has been demonstrated in GOS ([87]) but could
be further reduced by engineering the surface quality of the waveguide sidewalls
using alternative lithography and etching techniques such as e-beam and ICP re-
spectively. For comparison, waveguides of the same dimensions were realised using
GOS wafers where the Ge layer was grown in a similar manner. The propagation
loss and bend loss measured were 8.18 £ 0.6 dB/cm and 3.35 &+ 0.5 dB/cm respec-
tively. The obtained results render GOSN a strong candidate for the development
of PICs for MIR sensing applications, that exhibit small footprint and low power

consumption.

e Silicon-Germanium alloy-on-Silicon (SGOS)

Another platform that has attracted research interest is Silicon-Germanium alloy-
on-Silicon (SGOS). Si;_,Ge, alloys have been initially studied for microelectronic
applications since the late 1950s. There are reasons for which it started to be
studied as a material for the development of PICs for both NIR and MIR appli-
cations. First, The Si/Ge hetero-waveguide broadens the transparency range of Si

to 1.9-16.7 pm assuming minimal mode overlap with the Si bottom cladding [96].



32

Chapter 2 Literature review

(a) Cross-section (b) Angled top view

FIGURE 2.17: SEM images of the fabricated GOSN waveguide [95].

Second, it provides the ability to accurately tune its optical properties including
refractive index and bandgap, by precisely controlling the Ge concentration in the
alloy [97]. Finally, its superior superior non-linear properties [98] enable non-linear
applications such as Four Wave Mixing (FWM) [99]. Novel deposition techniques
for the epitaxial growth of Si/Ge on Si substrates at temperatures as low as 700

°C have been reported since the early nineties [100].

Several groups have used the SGOS platform to demonstrate waveguides for the
MIR. In [101], the design, fabrication and characterisation of SGOS based graded
index waveguides and photonic integrated devices at wavelengths up to 7.4 pm. A
3 pm thick Si/Ge layer with a linearly varied Ge concentration (from 0-40%) was
grown on a Si substrate using RPCVD. The Ge concentration was determined
by gradual variation in the ratio between Germane (GeH,) and Dichlorosilane
(H2SiCly) during growth. Strip waveguides of 3.3 and 7 pm width for single TM
mode operation at A = 4.5 and 7.4 pm that exhibited propagation losses of 1 and
2 dB/cm respectively.

A more recent demonstration reports three different waveguide structures with
three different Ge-rich epilayer with different vertical index profiles and Ge con-
centrations that reaches 100% as opposed to [101]. The Si/Ge layers were deposited
on commercial Si substrates using Low Energy Plasma Enhanced Chemical Vapor
Deposition (LEPECVD). Different Ge concentration profiles have been defined
along the growth direction. Figure 2.18(a) shows a cross-section view of the corre-
sponding simulated TE mode of each epilayer along with the respective refractive
index profile in Figure 2.18(b). All waveguide designs have a width of 4 ym and
an etching depth of 4 um.

For the 6 um thick Si/Ge layer the measured propagation loss was as low as 2-3
dB/cm over a wavelength span from A = 5.5 to 8.5 um. The propagation loss
spectral characteristic is obtained for all three waveguide designs over the same
wavelength range for both polarisations where black and red lines correspond to

quasi-TE quasi-TM polarisation respectively, as shown in Figure 2.19.
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FIGURE 2.19: Propagation loss measured in the 5.5 - 8.5 ym wavelength range for the
three investigated platforms. [102].

From the results, it can be seen that reducing the fraction of the guided mode that
overlaps with the Si substrate leads to a flat low loss characteristic over a wide

wavelength span.

Another recent demonstration at higher wavelength was presented by Montesinos-
Ballester et al. [103]. In this work, ultra-broadband waveguides were experimen-
tally demonstrated operating in the 5 to 11 pum wavelength range. Propagation
losses from 0.5 to 1.2 dB/cm were obtained between 5.1 and 8 pm, while values
below 3 dB/cm were measured between 9.5 to 11.2 pm. An increase of propagation
losses was observed between 8 and 9.5 pm, but the values do not exceed 4.6 dB/cm

in the whole wavelength range.

The advantage of the SGOS platform is that the formation of defects at the Ge-Si
interface (in platforms where Ge is directly grown on Si substrates) is eliminated,
reducing propagation loss due to scattering. However, its main issue is that the
thickness of the graded waveguides is relatively large compared to other platforms
which results in lower optical mode confinement making it difficult to realise tight
bends. In [101] to obtain theoretical bending losses lower than 0.1 dB/cm, the
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calculated bend radius for S-bends was 550 pm for A = 4.5 ym and 1350 pm for
A= 7.4 pm.

A summary of the demonstrated waveguides along with their details is provided in
Table 2.1.

2.2.2 Passive devices

In this section the fundamental principles of operation as well as recent results of the

passive devices used in this thesis are provided.

2.2.2.1 Suspended germanium waveguides

One of the main objectives of the work included in this thesis was to extend the oper-
ation of PICs to longer wavelengths, to reach the fingerprint wavelength region where
sensing applications are the main point of interest. As discussed in section 2.2.1, several
approaches have been investigated to achieve this, each one exhibiting its benefits and
drawbacks. Specifically, Ge-based platforms seem to be the most promising ones mainly
due to the transparency range of Ge as well as its CMOS compatibility. However, the
main drawback of the Ge-based material platforms discussed is that the Si substrate
starts to become very lossy beyond 8.5 um. Using suspended Ge has the principal
advantage of avoiding these material losses from any claddings so that Ge’s entire trans-
parency range can be exploited. A further advantage of suspended Ge compared to the
GOS platform is that it has a high and symmetrical refractive index contrast between
the core and upper and lower air claddings. In the case of GOS, there is a high index
contrast between the Ge core (An = 3.0 at 7.67 um) and upper air cladding, but low
contrast with the Si lower cladding (An ~ 0.6 at 7.67 pm). This results in the need for
thicker rib waveguides, which in turn will result in a weak mode overlap of the evanescent
field with the upper air cladding. Therefore, suspended Ge enables the development of
thinner waveguides that exhibit a larger evanescent field. This is a great advantage for
sensing applications, in terms of sensitivity, where high mode overlap with an analyte

surrounding the waveguide is desirable.

The first demonstration of a suspended Ge device for the MIR was reported by Kang et
al. in 2017 [108]. In this work, the authors present a focusing SWG for light coupling
into a suspended Ge-based PICs at A=2.37 pym. The initial material stack used was the
GOI where a 600 nm thick Ge layer was bonded with a 2 pm thick BOX (including
the thickness of the AloO3 bonding agent), obtained using the same fabrication process
flow described in [92]. The thickness of the BOX was optimised to minimise substrate
leakage as well as to achieve constructive interference between the diffracted light from
the SWG and the light reflected from the air/substrate. Suspension of the Ge layer
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TABLE 2.1: MIR waveguides demonstrated in various material platforms.
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(a) Focusing SWG (b) Top view of the suspended Ge waveg-
uide showing the etched periodical array
of holes alongside the waveguide

(c¢) Cross section of the suspended Ge waveguide showing the complete removal
of the underlying BOX along a width of 30 pm while still maintaining structural
rigidity

FIGURE 2.20: SEM images of the fabricated devices [108]

was carried out in the same fashion as in [73] where two dry etch steps where involved:
one for the definition of the rib waveguide and one to form holes, placed far away from
the waveguide core, through which access to the BOX for its subsequent removal is
provided. The second etch step in this work defined the SWGs as well. 1.5 um x 600
nm waveguides with an etch depth of 150 nm were fabricated SEM images of which are
shown in Figure 2.20. However, the waveguides in this report had not been characterised

thus the propagation loss that these type of waveguides are able to reach is unknown.

Shortly later, the same group demonstrated a MIR photonic crystal cavity at A=2.35 ym
using the same platform with a thinner Ge layer (300 nm) [109]. However, the waveguides
were not characterised in this work either. The authors stated that the propagation loss
of the suspended Ge waveguides connecting the input and output focusing SWGs was
negligible. Though, this was not experimentally supported as these sections were only

of 200 um length and no dedicated propagation loss measurement was undertaken.

The propagation loss of waveguides fabricated using this approach was only experi-
mentally measured by the same group a year later [110]. In this report the authors
demonstrate MRRs using a 300 nm thick Ge layer at A = 2.15 ym. Rib waveguides with
a width of 900 nm and an etch depth of 150 nm were also fabricated and characterised
achieving a propagation loss of 5.4 dB/cm which is considerably lower than what was

demonstrated in [92].
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(a) Ge growth on a Si substrate (b) Dry etching of the Si sub- (c¢) Flipping and bonding to an-
strate to form an air-gap other Si substrate

EEEREE

(d) Waveguide definition by dry etching (e) Final structure

FIGURE 2.21: A alternative fabrication process flow for obtaining a suspended Ge
platform [111]

An alternative approach for suspending the Ge layer is proposed in [111]. Using this
method, the Ge layer is firstly grown on a Si substrate using Chemical Vapor Deposition
(CVD) techniques. The air-gap is then formed using RIE in the Si substrate. The etched
die is then flipped and directly bonded onto another Si. Finally, the waveguide is defined
using a combination of optical lithography with a metal mask, and dry etching. Using
this approach the additional fabrication step of defining holes alongside the waveguide
and wet etching of the BOX is avoided.

2.2.2.2 Grating couplers

Light can be coupled from a fibre into a waveguide mode and vice versa by various
methods as shown in Figure 2.22: prism coupling, grating coupling, butt coupling and

lens coupling.

The prism coupling method uses a high-index prism to excite an incident wave to a
guided mode as shown in Figure 2.22(a). It is particularly well adapted for planar
waveguides. The implied surface of the prism has to be well polished and of good
quality (i.e. without scattering defects). The major advantages of this method include:
non-destructive, allows changing the position of the coupling point around the sample,
easy manipulation and high efficiency, about 80% for input and output couplings and
ability to selectively excite any guided modes by adjusting the angle of the incident light.

However, it is difficult to align.
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FIGURE 2.22: Four techniques for coupling light to optical waveguides [112].

The butt-coupling technique is the simplest method to excite a guided wave. A light
wave with a profile similar to the guided mode is directly launched into an end-face
normal to guided-wave propagation as shown in Figure 2.22(c). In order to obtain a
high efficiency, the incident-wave profile must be as close as possible to the profile of the
guided wave. The coupling end facet must exhibit extremely high optical quality and
be without defects which can be prepared by polishing or cleaving treatments. End-
facet flatness and the alignment accuracy are strictly required. The main disadvantage
of this method is that it excites all of the guided modes simultaneously with different
efficiencies thus making it difficult to select a particular excited mode when analysing
a multi-mode waveguide. Furthermore, the mode field mismatch is another factor that
affects coupling efficiency. In addition, in the case of Ge, due to its high refractive index,

high Fresnel reflections occur at the air-waveguide interface.

The grating coupling technique relies on a periodic grating structure on the surface of the
waveguide as shown in Figure 2.22(b). The grating coupling method is permanent and
allows selection of a guided mode but the implementation requires a certain degree of
delicate skill. The coupling efficiency depends on the grating structure, such as grating
period (A) and grating etch depth (Ah). The grating coupler shows moderate tolerance
to alignment. However, the efficiency is sensitive to the lateral beam position on the
grating for a focused input beam. The fibre position has to be within approximately <1
mm above the grating to achieve the highest efficiency. Grating couplers are useful for
coupling to waveguide layers of a wide range of thicknesses. However, the fact that the
input beam must be introduced at a specific angle makes grating couplers not sufficiently
robust for commercial devices. Nevertheless, they can be used using proper packaging.
The input fibres can even be positioned so they can bend, so that external to the device

the fibres come in parallel to the chip surface.
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F1cUre 2.23: Coupling principle between fibre and waveguide using a grating coupler
[113].

Finally, the lens coupling technique is similar to butt-coupling but it uses a microscope

objective lens in order to focus light in one end of the waveguide.

In this work, coupling was carried out using grating couplers as shown Figure 2.23. The
main advantages for which gratings couplers are chosen over other coupling techniques
are compactness, low insertion loss and large alignment tolerance. Moreover, using
grating couplers eliminates the need for a cleaved facet, which makes it possible for the
light to be coupled in and out everywhere on the chip. However, grating couplers are not

easy to fabricate. In addition, they can have reflections which are difficult to suppress.

In order to couple light into a waveguide mode, as depicted in Figure 2.22(a) or Fig-
ure 2.22(b), the components of the phase velocities in the direction of propagation (z
direction) must be the same. This is referred to as the phase-match condition i.e., the
propagation constants in the z direction of the input beam and the mode we want to
couple light into must be the same. Consider first a beam (or ray) incident upon the

surface of the waveguide at an angle 0, as shown in Figure 2.24.

The ray will propagate in medium ng with a propagation constant kgns. Therefore, the

propagation constant in z-direction in medium ns will be:

k. = konssin 0, (2.6)

The propagation constant in the z direction is of particular interest as it indicates the
rate at which the wave propagates in the z direction which in this case is the direction

of the waveguide. k, is often replaced in many texts by the variable 3.

Therefore, the phase-match condition will be:
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FIGURE 2.24: Light incident upon the surface of a waveguide.

Air Lty Lge A

FIGURE 2.25: Schematic of the GOS grating coupler reported in [114] where A is
the grating period, L:. and Lg. are the lengths of the etched and unetched parts
respectively and tgin, and tge are the etch depth and Ge thickness respectively.

B =k, = konssinf, (2.7)

Equation 2.8 is used to determine the period of the waveguide grating A for a desired

input angle in air for coupling to the mode with propagation constant Sy .

A
A= —" 2.
N —siné, (2:8)
where X is the wavelength of the coupled light, N is the effective index of the waveguide

and 6, is the angle of the incident beam.

Various reports have demonstrated grating couplers for the MIR. In [114] a single-
etch GOS grating coupler with an inversely tapered access stage, operating at 3.8 um is
reported for the first time. A coupling efficiency of -11 dB (7.9%) is achieved which is the
highest value reported for a mid-infrared GOS grating coupler, exhibiting a reflectivity
below -15 dB (3.2%). The structure of this grating coupler is shown in Figure 2.25

However, GOS grating couplers suffer from high back-reflection, low directionality, and
low coupling efficiency, due to the high refractive index of Ge (~4.0) and the relatively

low refractive index contrast between Ge and the Si substrate. An improved SWG
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FIGURE 2.26: Schematic of the SWG coupler based on the suspended Ge platform
proposed in [108]

coupler based on the suspended Ge platform operating at a wavelength of 2.37 um is
reported [108]. In this demonstration, instead of a conventional grating coupler struc-
ture, a focusing grating is implemented. Focusing grating couplers use curving lines’
focusing character to obviate the need for a long adiabatic transition. This has the
advantage of decreasing the taper’s length resulting in a higher degree of integration
due to the device’s compactness. The resulting performance was a maximum coupling
efficiency of -11 dB with the 1-dB bandwidth of ~58 nm at a centre wavelength of 2.37
pm. Figure 2.26 shows a schematic of the proposed SWG coupler.

Another novel approach has been recently presented based on the suspended platform.
In [115], a broadband all-dielectric micro-antenna operating at 7.67 pum is demonstrated.
The proposed design is comprised of only two or three diffractive elements. The achieved
simulated coupling efficiency is of ~ 40% with a 1-dB bandwidth broader than 430
nm, which is almost twice compared to the typical fractional bandwidth (BW/)\) of a
conventional grating coupler. Moreover, the proposed design is tolerant to fibre angle

misalignments of +10°. Figure 2.27 shows schematics of the proposed structure.

In order to obtain an efficient coupling between the wide region of the grating coupler and
the waveguide, adiabatic tapers are used as spot-size converters. Normally, the function
of the taper is to change the size and the shape of the optical mode to achieve a high
coupling efficiency between two waveguides with different cross-sections. To achieve this,
the taper must operate adiabatically; that is, the local first-order mode of the waveguide
should propagate through the taper while undergoing relatively little mode conversion
to higher-order modes or radiation modes. This adiabatic operation can be realised
in the taper design by increasing/decreasing the size of the taper cross-section very
slowly. There are various designs of adiabatic tapers that have been demonstrated in
the SOI platform, including linear [116], exponential [117], parabolic [118] and Gaussian

expansion types [119] but for simplicity a linear taper is used.
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FI1GURE 2.27: Schematics of the SWG-cladding micro-antenna fibre-chip coupler based
on the suspended Ge platform presented in [115]

In a linear adiabatic taper, the lowest-order optical mode is well confined by side walls.

The taper should be designed to conform with the equation 2.9 [120].

Ao

0 < ———
2Wneyys

(2.9)

where 0 is the local half angle of the taper at the point z, Ag is the wavelength in vacuum,
neys is the effective index of the mode, and W is the local full width of the taper at
point z as shown in Figure 2.28. The rule requires that the spreading of the waveguide
sidewalls be slower than the diffraction spreading of the lowest-order (first-order) mode.
Accordingly, the first-order mode will be confined in the taper without mode conversion

to higher-order modes or radiation modes.

2.3 Integration of active devices

III-V semiconductors (such as Gallium Arsenide (GaAs) or InP) have been widely used
since the 1970s for the development of light emitters used in optical telecommunica-
tions and other photonic devices. At the beginning of the 21st century, research groups
realised that electronic—photonic integration will enable a large variety of applications,
such as biosensing, light harvesting, defence, information processing and others. Ever
since, this field has attracted a lot of research interest from both industry and academia
who are currently investigating the co-integration of optical functions with the elec-

tronic functions of Si and other materials. Photonics is the main building block of
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F1GURE 2.28: Top view of the structure of a linear waveguide taper. Wy is the width

of the single-mode waveguide, W,,ax is the maximum taper width, L is the length of

the taper, 6 is the local half angle of the taper at point z, and 6, is the projection of
the ray angle of the first-order mode of the taper [120].

today’s communication networks, however, increasing signal speeds, decreasing power
consumption, miniaturisation and reducing overall costs still remain as challenges. The
ultimate solution addressing these challenges is using PICs, and more specifically on-
chip optical interconnects. In this approach, a photonic layer would be responsible for
the information routing and processing in a microprocessor resulting in reduction in en-
ergy consumption, faster data transmission and processing. This approach has already
been investigated by IBM, Intel and various companies in the field of semiconductors.
However, while elemental building blocks (waveguides, detectors, modulators, sources)
of excellent performance have already been demonstrated, the development of an inte-
grated laser source on Si to feed the PICs with light still remains a serious challenge. In
this section, the advances that have been achieved toward the development of an ideal
integrated laser source on silicon as well as the benefits and drawbacks of each approach

are presented.

2.3.1 Ideal performances of the integrated laser

In this section the specific aspects that an integrated laser should exhibit are presented.

e Electrical injection: An integrated laser should be electrically driven so it can be
driven by CMOS electronics.

e Continuous wave operation: In order to avoid any capacitive transient process, an

integrated laser should operate under a Continuous Wave (CW) regime.

e Room temperature: An integrated laser should be able to operate under the same

temperatures a microprocessor works under which is between 30 to 150°C.
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e Emission wavelength: The emission wavelength of an integrated laser should be
carefully selected according to the desired application. For this reason, QCLs are
perfect candidates for MIR applications since their emission wavelength can be

tailored.

e Geometric emission properties: Regardless of the integration approach, the laser
cavity should emit in-plane to ease coupling into the photonic circuitry; as opposed
to vertical emitting devices such as VCSELs where specific optical reflectors have
to be designed to fold the direction emission in the plane. In addition, optical
coupling raises alignment issues because the distance between the active area and

the photonic circuitry should not exceed 300 nm.

e Footprint: An integrated laser should be as compact as possible to enable scala-

bility. This also affects the power consumption of the device.

e Power and threshold considerations: A general requirement for an integrated laser
is to exhibit the best energy yield (wall-plug efficiency). However, the output
power and threshold current of an integrated laser are dependant on the photonic

circuit design and it is determined by the following factors:

— optically efficient active area (direct bandgap, good quantum confinement,

high gain)
— efficient carrier injection through contacts and adapted band engineering;

— low optical losses in the resonant cavity (especially through photons absorp-
tion)
— low non-radiative recombination probability (low crystal defects density, and

limited Auger recombination)

Nevertheless, in the case where a separate laser bar is bonded onto a chip, and the
light is butt coupled into the waveguide, these factors are independent of the PIC
design.

2.3.2 Quantum Cascade Lasers

QCLs are semiconductor injection lasers whose active core implements a multiple quan-
tum well structure. Their light emission mechanism is based on intersubband transitions
in semiconductor quantum wells. Photons are generated when electrons transported into
the active regions from the preceding injector regions undergo radiative transitions be-
tween the upper and lower laser levels and are subsequently extracted into the next
downstream injector regions. The electron transport from an injector region into the
next active region occurs by means of resonant tunnelling between the injector ground
level and the upper laser level as shown in Figure 2.29. The tunnelling rate, as well

as many other performance related parameters, can be engineered through quantum
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FIGURE 2.29: Simplified schematic of the conduction band structure for a basic QCL,
where the laser transition is between sub-bands 3 and 2 [121].

design, for example, through the design of the coupling strength, which is defined as
half of the energy splitting between the injector ground level and the upper laser level
when they are in full resonance. The faster the tunnelling rate, the higher the maximum
operating current density that can be supported, and therefore the higher the current
efficiency (that is, how far above threshold the laser is operated), which is an important
factor of Wall-Plug Efficiency (WPE). Relying on a designed staircase of intersubband
transitions allows free choice of emission wavelength and, in contrast with diode lasers,

a low transparency point that is similar to a classical, atomic four-level laser system.

The intersubband nature of the optical transition has several key advantages. First,
the emission wavelength is primarily a function of the Quantum Well (QW) thickness.
This characteristic allows choosing well-understood and reliable semiconductors for the
generation of light in a wavelength range unrelated to the material’s energy bandgap.
Second, the cascade process in which multiple-often several tens of-photons are gener-
ated per electron becomes feasible, as the electron remains inside the conduction band
throughout its traversal of the active region. As a result of this cascade process, QCLs

exhibit intrinsic high-power capabilities.

In recent years, this design flexibility has expanded the achievable wavelength range
of QCLs to ~3-25 um and the THz regime, and provided exemplary improvements in

overall performance. The commercially available InP-based QCL technologies provide
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promising potential for extending heterogeneous integration to wavelengths throughout
the MIR and Long-Wave Infrared (LWIR) spectral bands. QCLs operate from 3 pm to
the terahertz regime and can emit watts of CW output power [121, 122]. The InP-based
material system in QCLs is especially favourable for the complex fabrication processing
necessary for heterogeneous silicon integration. QCLs are rapidly becoming practical
MIR light sources for several applications such as trace-chemical sensing and health

monitoring.

In this thesis, QCLs were chosen to be integrated over other type of laser due to their
flexibility of wavelength selection as well as their high emission power in the MIR.
However, efficient heat extraction out of the active region is necessary for operation
at room temperatures. As a result, thick metal contacts are used for heat dissipation
which is a major constraint on the design of the PIC. In addition, reflected light that
is returned from the waveguide facet into the QCL is another constraint on the laser
performance, as it destabilises both the transverse spatial mode and the output power,
thus leading to significant temporal fluctuations. Therefore, the implementation of anti-

reflective coating becomes necessary for efficient coupling.

2.3.3 Group-lIV lasers

In this section, the various advances made towards realising a light emitter using group-
IV semiconductors are presented. The main interest of this type of lasers is that they

are intrinsically compatible with photonic integration from the material point of view.

As opposed to most ITI-V semiconductors, Si and Ge are semiconductors with a indirect
bandgap (X-like fundamental transition for the Si and an L-like fundamental transition
for Ge), having different bandgap energies (1.12 eV for Si and 0.66 eV for Ge). This
means that light emission is a phonon-mediated process with a low probability where
spontaneous recombination lifetimes are in the ms range, as shown in Figure 2.30. As a
result, most of the generated electron-hole pairs in Si and Ge recombine nonradiatively.
This results in a very low internal quantum efficiency which is the ratio between the

number of photons generated and the charge carriers injected.

Nevertheless, researchers have investigated light emission from Si by trying to reduce
the influence of non-radiative centres using various strategies. The first demonstration
was presented in [124] where a standard p-n Si structure was used for light emission. In
this work, they proposed reducing the non-radiative centres, the non-radiative recombi-
nation rate, surface recombination and doping-induced recombinations to the maximum
resulting in lowering the non-radiative recombination rate. As a result, electrolumines-
cence at room temperature is achieved with a maximum around 1.1 pgm. In addition, a

power efficiency of 1% is observed. However, this approach is not suitable for reaching
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Fi1GURE 2.30: Energy band diagrams and major carrier transition processes in InP and

Si crystals [123]. In a direct bandgap material (such as InP, left), electron-hole recom-

bination almost always results in photon emission as opposed to an indirect bandgap

material (such as Si, right), where free carrier absorption, Auger recombination and

indirect recombination coexist, resulting in an inefficient photon emission accompanied
by a strong phonon emission which is transformed to heat.

lasing conditions (population inversion) as the decay-time of the indirect band-to-band

recombination is very long compared to the fast free carrier absorption.

An alternative approach to achieve stimulated emission in Si is using quantum confine-
ment. By using Si nanostructures in an air or SiOy environment offers many benefits
compared to using bulk Si. Confining the charge carriers spatially prevents them from
reaching non-radiative recombination centres. This approach was firstly proposed in
[125] where Si was partially etched forming a structure consisting of small nanowires

emitting a luminescence in the visible range.

Another promising solution to achieve efficient laser emission on Si is to modify the
bandstructure of group-IV semiconductors by alloying Si with either Ge or Tin (Sn) in
order to obtain a direct bandgap alloy. However, this approach implies challenges due to
the lattice mismatch that Ge and Sn have with Si (4.2% and 19.5% respectively). This
causes both roughening of the layers due to strain release and formation of dislocations.
These in turn act as non-radiative recombination centres, which is very crucial for laser
operation. Nevertheless, several approaches have been presented for the development of
a SiGe(Sn) laser on Si.

e Silicon-Germanium (SiGe) lasers

As already stated, Ge is an indirect bandgap material with its minimum of energy
located in the L-valley, which causes the long radiative lifetime, hence, preventing
bulk Ge from efficient lasing. However, the energy separation between its I' and L

transitions is as small as 136 meV [126]. In addition, it is known that mechanical
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FIGURE 2.31: (a) Schematic of the band structure of Ge showing a 136 meV difference

between the direct and the indirect bandgap. (b) Reduction of the difference between

the direct and the indirect bandgap by applying tensile strain. (c¢) Compensation of

difference between the direct and the indirect bandgap by using n-type doping to fill
electrons into the L-valley. [126].

strain modifies the band structure of semiconductors by relocating the energy
positions of the various valleys (X, I', L). The main idea is to reduce the bandgap
of Ge by applying tensile strain which will cause the move of the I'-band minimum
closer to the L-band one as shown in Figure 2.31,thus transforming Ge into a
potential direct bandgap emitter. In order to achieve a crossover and transform

Ge into a direct bandgap material, a tensile strain of 2% has to be applied.

Various designs have been proposed to increase the level of tensile strain im-
posed to the Ge layers such as using the thermal mismatch between Ge and Si
[10], using buffer layers (e.g., Germanium-Tin (GeSn)) [127] and using Micro-
Electomechanical Systems (MEMSs) to externally control the strain state of the
Ge up to 1% of biaxial strain [128]. The highest value of strain achieved was in
[129] where a uniaxial strain of 5.7% was demonstrated, paving the way for direct

bandgap emission.

Very recently, efficient light emission was achieved from direct-bandgap hexago-
nal Ge and SiGe alloys [130]. The achieved emission yield was similar to that of
direct bandgap group-II1-V semiconductors. It is also shown that by controlling
the composition of the hexagonal SiGe alloy, the ability to continuously tune the
emission wavelength over a broad range (from 3.5 pm (0.353 eV) at low tempera-
ture towards 4.4 um (0.28 eV) at room temperature), while preserving the direct

bandgap.

e Silicon-Germanium-Tin (SiGeSn) lasers

Another way to obtain a direct bandgap material is to diffuse Sn atoms into a Ge

or SiGe. This technique is expected to reduce the gap at the I'-point faster than
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that at the L- or X-point. A recent demonstration has shown experimentally that
the Geg.oSng.1 alloy with a tiny compressive strain of 1% exhibits direct bandgap
behaviour [131]. However, due to the the large lattice mismatch between Ge and
a-Sn (15%) is challenging for such integration. Therefore, obtaining partially and
fully relaxed GeSn layers is crucial. In this technique, a thick Ge layer is deposited
on Si which helps to relax a large part of the mismatch. This causes most of the
crystal defects (especially threading dislocations) to be buried and allows control
of the partial relaxation of GeSn on Ge [132]. Using this approach, an optically
pumped GeSn laser was demonstrated with a ridge geometry, operating below 90
K, with an emission wavelength at 2.25 um (~55 eV) [133]. This result is very
promising towards the integration of silicon photonic and electronic devices. How-
ever, in order for this type of laser to be used in practical applications several issues
still have to be addressed. Initially, lasing has only so far been demonstrated using
pulsed optical pumping. In addition, the laser has to be electrically driven in order
for it to become useful. To do this, doping has to be improved technology such that
a degenerate p- and n-type doping can be obtained to enable electrically achieved
population inversion. Moreover, in order for the laser to be used in practical ap-
plications, it has to operate at in CW mode and at well above room-temperature.
The authors have proposed ways to raise the temperature of operation by improv-
ing material quality to eliminate competing recombination and introducing carrier

confinement with heterostructures.

2.3.4 III-V lasers bonded on silicon

The various advances presented in 2.3.3 that were made towards the development of
a laser made of group-IV laser materials, were attractive from the integration point of
view. Their CMOS compatibility is key for their integration with group-IV material
platforms. However, none of these strategies has led to the development of an efficient
light emitter yet. As already stated, the fundamental reason for this is the inherent
limitation of Si and Ge being indirect bandgap which prevents them from emitting light
efficiently. On the other hand, ITI-V compounds based on InP and GaAs, are direct
bandgap semiconductors that are widely used in developing commercial light emitters
for more than 50 years. The approaches of integrating ITI-V lasers on a Si substrate
have been following two paths: the monolithic approach, in which III-V materials are
directly grown on Si, and the bonding approach, where III-V materials are bonded on

Si substrates.

In this section, the different heterogeneous integration approaches are presented along
with the benefits, technological issues as well as the integration constraints associated

with each approach.
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FIGURE 2.32: Flip-chip bonding fabrication process flow [137].

2.3.4.1 Flip-chip bonding

The idea of heterogeneously integrating optoelectronic devices on a foreign substrate by
bonding has existed since the early 90s. Flip-chip bonding was developed by IBM and
it was used in the heterogeneous assembly of electronics [134]. Since then, efforts have
been carried out to improve the flip-chip bonding technique [135, 136]. In this technique
both host substrate (Si or any other) and the device to be flip-chipped (laser) are first
patterned with wettable metallic pads such as Chromium (Cr), Ti, Platinum (Pt) or Au,
deposited on a non-wettable material (dielectric) using lithography techniques. Then,
a solder material such as AuSn or Tin Lead (PbSn) is deposited on the metal pad and
reflowed above the melting temperature to form bumps. The integrated device and the
substrate are then put in contact with a rough alignment. Both parts will be self-aligned
due to tension forces. Finally, the bonded structure is cooled down to form an electrical
and thermal contact that is mechanically robust. The whole fabrication process flow of

flip-chip bonding is shown in Figure 2.32.

A crucial aspect of flip-chip bonding is alignment, as good coupling between lasers
and waveguides is essential to minimise optical losses. Alignment of + 500 nm has been
achieved ([138]), however, sub-1 pum tolerance in preferred. Novel designs for solder pads
for self-aligned flip-chip assembly have been demonstrated offering robust chip alignment

[139].The advantage of flip-chip integration is that growth and fabrication of the devices
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FIGURE 2.33: Schematic of the bonded laser using flip-chip bonding [141].

is carried out on their native substrate. Moreover, it allows for independent fabrication
and test of both the laser and the passive components, reducing constraints on the
semiconductor manufacturing process flow and allowing for the pre-selection of known
good dies, hence increasing the yield. However, it also requires very high placement
accuracy, as the beam size at the interface between the moving parts (i.e., between the

laser and the waveguide) is very small.

Lasers have been integrated using flip-chip bonding since the late 90s. One of the first
demonstrations included the mounting of high-frequency DFB lasers on a Si substrates
[140]. In this work the lasers were passively aligned to single mode fibres in V-grooves
using the self-aligning solder bump technique. The laser-to-fibre coupling efficiency
achieved was of 2.3%, which corresponded to a coupled power of approximately 0.25
mW. A big part of the low coupling efficiency was due to the distance between the fibre
and the laser which was ~20 pm, restricted by the low quality facet of the V-groove

caused by the saw cut.

Instead of coupling light to a fibre, coupling to a waveguide has also been demonstrated.
In [141] a Semiconductor Optical Amplifier (SOA) is integrated on Si substrate using

flip-chip bonding, and subsequently coupled to a waveguide as shown in Figure 2.33.

In this work, a flip-chip integration process was developed, in which the vertical align-
ment was controlled by a mechanical contact between pedestals defined in a recess etched
into the substrate and the SOA. Using this technique, the vertical alignment accuracy
achieved was below 410 nm not taking into account bending of the chips due to excessive
stress. The measured optical power coupled to the waveguide was above 3 mW which
was 3.5 dB below what was expected assuming perfect alignment according to simula-

tions and 7 dB below the laser output power. In addition, another source of coupling
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FIGURE 2.34: Schematic of the flip-chip bonded VCSEL [142].

loss was the mode mismatch between the laser and the waveguide chip that could be
improved by matching of the edge couplers on either side of the interface. According
to the authors, the insertion loss could be improved by 1 dB, due to a better mode

matching, by tapering down the laser stripe to a 500 nm width.

Butt coupling light from the laser directly to the waveguide however, induces the issue
of having back reflections from the waveguide facet back to the laser. For a laser that
is sensitive to back-reflections this is crucial for its performance. A way to overcome
this it to mount the laser at an angle with respect to the waveguide in which case light
coupling is carried out using grating couplers as presented in [142]. In this work VCSELSs
emitting at ~1550 nm, are passively aligned and flip-chip bonded to a PIC, at an angle
that has been optimised for maximum coupling into standard grating couplers. The tilt
angle is determined by controlling the reflow of the Solder Ball Deposition (SBD) used
for the electrical connection as well as the mechanical bonding of the VCSEL with the
PIC. The achieved VCSEL-to-PIC insertion loss was -11.8 dB, which was 5.9 dB lower
compared to fibre-to-PIC coupling due to the mode mismatch between the VCSEL and
the grating coupler. At roll-over, the maximum optical power injected into the PIC was
138 uW = -8.6 dBm. A schematic presentation of the fabricated device is shown in
Figure 2.34.

Apart from NIR, MIR light sources have also been integrated. In [143] the first demon-
stration of a QCL on Si, integrated with SONOI waveguides. Fabrication starts with
preparing the SONOI waveguide platform which is constructed by transferring the de-
vice layer from a SOI wafer onto a Nitride-on-Insulator (NOI) wafer by direct wafer
bonding. Once the SONOI waveguides are processed, the QCL material is then bonded
to it via flip-chip bonding. The QCL material is subsequently processed to finally obtain
the light source as depicted in Figure 2.35.
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FIGURE 2.35: Fabrication process of bonding the QCL on the SONOI chip [143].
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The optical mode in this type of structure is so-called hybrid, meaning that it propagates
in both the active region and the passive waveguide as shown in the cross-sectional
schematic of the Si-QCL region (Figure 2.36).

The fabricated laser is emitting at 4.8 pum in pulsed mode, at 20 °C. Threshold currents
as low as 387 mA and single-sided output powers as high as 31 mW. The observed char-
acteristics imply that in order to achieve CW operation in the MIR, the heat dissipation
should be improved. This could be achieved by using a platform without a BOX such
as GOS where heat dissipation to the substrate would be better due to Si having a
significantly higher thermal conductivity than SiOs (i.e, 149 W/(m-K) for Si and 1.1-1.2
W/(m-K) for SiO3).

2.3.4.2 Wafer bonding

Despite the fact that flip-chip bonded devices tend to self-align on the metal solder
bump, precise alignment of each individual device is still a challenge. An alternative
approach to alleviate the need for the precise pre-alignment, is to bond full wafers or dies
of ITII-V material and then post-process them after bonding as depicted in Figure 2.37.
Following this approach, the alignment precision is then determined by the lithographic

tools.

In this technique, two mirror-polished surfaces of two different wafers are contracted
to create covalent bonds between them. Several approaches have been investigated but
only the three main ones that relate to the development of ITI-V light sources on Si are

discussed in this section.

e Molecular bonding

The fabrication steps of this approach are shown in 2.38.
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FIGURE 2.38: Fabrication process of the molecular bonding, describing the tree main
approaches (O2 plasma-assisted bonding, SiOs-assisted bonding and bonding of hy-
drophobic surfaces) [137].

The two wafers are initially cleaned to minimise the number of particles on their
surfaces that could degrade the bonding quality. This is carried out using a combi-
nation of solvents and acids. The surfaces are then treated to be either hydrophobic
or hydrophilic. In the hydrophobic treatment, the wafer surface is terminated by
-Hydrogen (H) bonds whereas in the hydrophilic treatment, the surface is termi-
nated by -Hydroxyl (OH) bonds. Then the two wafers are contacted and bonded
first through weak Van der Waals forces. In the case of the hydrophilic bonding,
OH groups start bridging forming a thin layer of Water (H2O) in between the
two surfaces, whereas in the hydrophobic case, bonding is achieved through by
bridging the hydrogen bonds. In both cases, Hydrogen (Hs) gas is formed at the
interface causing bubbles. These are removed by annealing which causes the H to

diffuse into the Si which increases the bonding strength.

However, when this approach is to be followed to bond III-V to Si wafers, different

annealing temperature have to be used. High temperature annealing is not suitable
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FIGURE 2.39: Schematic representation of the hybrid laser structure showing the op-

tical mode superimposed [144].

for these wafers as GaAs or InP would desorb at 1000 °C. In addition, due to the
thermal expansion coefficient mismatch between III-V materials and Si, annealing
would result in wafer cracks. Strategies have been proposed by several research

groups but this topic does not fall within the scope of this thesis.

The first demonstrated laser using this approach was by the group of UCSB using
their hybrid III-V/Si platform where III-V layers were bonded using O2 plasma-
assisted molecular bonding SOI waveguides that had been pre-patterned [144].
Both active and passive region are designed such that the mode propagated in

both regions as shown in Figure 2.39.

The laser cavity was a Fabry — Perot cavity formed by dicing the laser and pol-
ishing the facets. The demonstrated device exhibited a threshold current of 65
mA (at 15 °C) in CW pumping, a maximum output power of 1.8 mW, an overall
differential quantum efficiency of 12.7 % and a maximum lasing temperature of 40
°C.

An alternative to avoid forming the laser cavity by dicing the laser facet is to
use grating-based cavities instead. The first demonstrated hybrid II1I-V/Si laser
using DBRs to form the laser cavity was in 2008 by Fang et al. [145]. In this
demonstration the cavity was defined by two Bragg mirrors in the Si waveguide

defined before bonding as shown in Figure 2.40.

To minimise the coupling losses between the III-V gain region and the Si waveg-
uide, the width of the III-V waveguide is linearly tapered. The fabricated device
demonstrated lasing at a single-wavelength of 1596 nm (Side Mode Suppression
Ratio (SMSR) of 50 dB), with a threshold current of 65 mA at 15 °C, a maximum

output power of 11 mW and a maximum lasing temperature of 45 °C.

Using the same type of structure, the same group demonstrated an improved device
that reached a low threshold current of 8.8 mA for a 200 um cavity at 20 °C [146].
The maximum CW output power was 3.75 mW from both waveguide facets. A 3
dB bandwidth of 9.5 GHz as well as 12.5 Gb/s direct modulation of the DFB laser
diode was achieved on the hybrid silicon platform for the first time. A schematic

of the demonstrated device is shown in Figure 2.41.
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FIGURE 2.40: Top view of the DBR hybrid III-V laser demonstrated in [145].

Lasers used in ultrashort distance optical interconnects have to exhibit low-energy
consumption and small footprint. To achieve this, microrings have been utilised.
This type of sources has been demonstrated using the hybrid II1I-V/Si platform
[147]. In this type of structure, after bonding the III-V layers on the SOI wafer,
both the III-V and the Si top layer are patterned to obtain a III-V microring
self-aligned on a Si microdisk as shown in Figure 2.42.

The disk is typically 15-50 pm in diameter and similarly to the previously described
structures, the optical mode is hybrid, meaning that it propagates in both the ITI-
V gain region, which in this case is the ring, and the Si disk. Light is extracted
from the disk to a Si bus waveguide located close to the disk. Using this design,
threshold current lower than 4 mA and 10 °C, maximum output power of 3.5 mW

and maximum lasing temperature of 65 °C has been demonstrated [147].
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FIGURE 2.41: Schematic of the DFB hybrid III-V/Si laser demonstrated in [146].

FIGURE 2.42: Schematic of the hybrid ITI-V/Si microring laser demonstrated in [147].

e Polymer-assisted bonding

An alternative technique for bonding III-V wafers to Si is the polymer-assisted
bonding. In this technique, which was developed by a group at Ghent university
in Belgium, a layer of Divinylsiloxane-Bis-Benzocyclobutene (DVS-BCB) is utilised

to bond the wafers.

BCB is a thermosetting polymer widely used in applications such as bonding or
passivation. In a BCB-assisted bonding process (depicted in Figure 2.43), the
wafer surfaces are initially cleaned to remove any particles that could result in
unbonded areas. Then, the Si or SOI wafer is spin-coated with BCB upon spin
coating the wafer with an adhesion that will strengthen the adhesion of the BCB
and the wafer. Next a soft baking typically at 150 °C is carried out to evaporate
the solvent and remove any bubbles. While still at baking temperature, the two
wafers are brought into contact and a uniform pressure is applied. Then, the

following step is the curing (polymerisation) of the BCB for 1 hour in an Os-free
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FIGURE 2.43: Fabrication process for the BCB-assisted wafer bonding technique [137].

environment, at 250 °C to transform it from liquid to solid phase. Finally the two

wafers are cooled down and form a solid stack ready for further processing.

An advantage of BCB-assisted wafer bonding technique is that there are not gas
by-products produced during the curing of BCB thus the bonded interface is void-
free without having to carry out complex processing steps as in the molecular
bonding method. In addition, BCB planarises easily after spin-coating and baking
rendering bonding patterned wafers less complex. Moreover, BCB is compatible

with most of the standard III-V fabrication processes (annealing, wet etching).

However, BCB-assisted bonding suffers from major drawbacks. First, the very low
thermal conductivity (0.29 W-K—t-m~1), compared to that of SiO5 (1.4 W-K~1.m~1),
results in a lower thermal dissipation in laser devices. In addition, the refractive
index of BCB is slightly higher than that of SiOs (1.54 and 1.45 at 1.55 um respec-
tively), resulting in a higher optical reflection at the semiconductor-BCB interface.
The effect of these drawbacks can be limited by reducing the BCB thickness to
tens of nanometers [148]. However, this decreases the tolerance to surface imper-

fections.

Integrated lasers have been developed using BCB-assisted wafer bonding. The first
device was demonstrated by the group at Ghent university in 2006 [149]. In this
work, laser emission from an InP/Indium Gallium Arsenide Phosphide (InGaAsP)
thin film epitaxial layer bonded to an SOI waveguide circuit was observed using
a Fabry—Perot cavity. Bonding the InP/InGaAsP epitaxial layers onto the SOI
waveguide circuit was achieved by adhesive bonding using DVS-BCB.

The BCB layer used was very thick (300 nm) to allow for direct evanescent coupling

between the III-V layer and the SOI waveguide. Therefore, an inverted adiabatic
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demonstrated in [148].

taper was used to achieve efficient mode coupling between the InP /InGaAsP active
layer and the SOI waveguide circuit as shown in Figure 2.44. The inverted taper
adiabatically transforms the SOI waveguide mode to the fundamental mode of a
polymer waveguide, which lies on top of the inverted taper and is butt coupled
to the InP/InGaAsP active layer. The laser cavity was 500 pm long and the
optical power coupled into the SOI waveguide was 0.9 mW in pulsed mode (at 20
°C). However, the threshold current was high (150 mA) which was caused by the
bad quality of the facets and the thick BCB layer leading to a very high thermal
resistance. In this work the same structure was used as a photodetector as well.

The length of the devices was 50 um and the resulting responsivity was 0.23 A/W.

Since this demonstration, work has been carried out to improve this technique by
reducing the thickness of the BCB layer below 50 nm. Stankovic et al. have demon-
strated both Fabry—Perot [150] and DFB [151] lasers. The minimum threshold
current reached was down to 45 mA under CW operation for the Fabry—Perot
cavity and 25 mA for the DFB laser, while output powers of several mW (5.2 mW
for Fabry—Perot cavity, 2.85 mW for DFB) with sidemode suppression of 45 dB
for the DFB laser. These lasers operated at 1.3 um whereas the ones demonstrated
by UCSB operated at 1.55 pm.

Metal-assisted bonding

As already described in 2.3.4.1 metallic solder bumps have been used to bond
IIT-V lasers onto Si substrates. However, this is associated with high cost due to
the demanding alignment between the light sources and the passive waveguides.
Similarly to the adhesive BCB-assisted bonding technique, thin metal layers can be
used as an alternative bonding interface to bond III-V dies or wafers to Si or SOI
wafers. In the metal-assisted bonding method, a metal alloy is deposited on one
or on both wafers . After bringing the two wafers into contact and heating them
above the eutectic temperature of the metal alloy, the metal melts and spreads
uniformly, filling the gaps between the wafers. By cooling back down, the metal

solidifies creating a strong form.
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FIGURE 2.45: Cross-sectional schematic InP-based laser integrated with an SOI plat-
form [148].

Choosing the suitable alloy is dependant on its eutectic point. If this at a very
high temperature, this causes wafer cracks due to the thermal expansion mismatch
between I1I-V and Si. If it is very low, this results in limitation of the thermal
budget available for the post-bonding processing steps. A possible alloy is Gold
Germanium Nickel (AuGeNi) (80:10:10), used by Tanabe et al. to bond a GaAs
laser on a Si substrate [152]. In this work,a AuGeNi alloy was deposited on both

wafers and bonding was carried out at 300 °C (for a eutectic point of 280 °C).

The metal-assisted bonding technique exhibits the same advantages with the sol-
der flip-chip bonding: Apart from providing a strong bond, an electrical contact
and a heat sink is also provided. In addition, it is more intolerant to surface
cleanliness prior to bonding compared to molecular bonding. However, this tech-
nique has various issues: standard metal alloys contain metals such as Au that are
contaminants for Si devices as they easily diffuse at bonding temperatures. More
importantly, a few nanometers thick metal layers absorbs light, making light cou-
pling more complicated. However, solutions to this issue have been demonstrated
by several research groups. For example, in [153] Creazzo et al. reported bonding
an InP-based laser structure into SOI wafer in which light from the III-V laser

was butt coupled to the Si/SiOy waveguide as shown in Figure 2.45.

An alternative solution has been demonstrated by by Hong et al. [154]. In this work
instead of depositing metal across the whole wafer surface, they were deposited
selectively on areas away from the waveguides, therefore, enabling evanescent light
coupling between the III-V laser and the underlying Si waveguide. The metal
alloy deposited consisted of AuGeNi(100 nm)/Indium (In)(680 nm)/Sn(20 nm).
AuGeNi was used to form a good ohmic contact to n-type InGaAsP and ensure
strong bonding with the SiO2 layer of the SOI wafer. In was selected as the
main bonding medium due to its low melting point, good viscosity, and low stress
accumulation. A thin Sn film above the In layer is deposited to prevent In from
oxidation. The fabricated laser had a threshold current density of 1.7 kA/cm?
under pulsed-wave operation. Room-temperature CW lasing with a maximum

output power of 0.45 mW was realised.
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More recently, an alternative metal alloy was used to bond III-V material with a
Si substrate [155]. In this work the integration of an InGaAs/InP quantum well
infrared photodetector onto a Si substrate was demonstrated via metal-assisted
wafer bonding using Molybdenum (Mo) as the diffusion barrier of metal-assisted

wafer bonding.

The main advantages and drawbacks of the different bonding techniques are summarised
in 2.2.

Wafer bonding provides the ability of fabricating multiple ITI-V light sources on a sub-
strate simultaneously, therefore, it is ideal for mass production. However, there are

drawbacks related to this technique.

e Nowadays, the size of commercial Si or SOI wafers used in CMOS foundries is 300
mm which will increase to 450 mm in the future. InP and GaAs wafers on the
other hand, are fabricated with a smaller diameter (generally 100 mm for InP and
150 mm for GaAs) due to the limitation induced by their high brittleness. This
size mismatch results in a loss of material whether it is Si or SOI. In addition,
the cost of InP and GaAs epilayers is much higher that that of Si, hence, bonding

several III-V wafers on a single Si wafer increases the cost dramatically.
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e Bonding an entire costly III-V wafer results in an inefficient use of the III-V mate-
rial. This is due to the fact that the I1I-V substrate is removed in order to access
the III-V epilayer and to process the laser structure. This is generally achieved
using a combination of mechanical grinding and selective wet etching. Therefore,
the III-V substrate is wasted during the removal. The technique is thus quite

costly due to the waste of the expensive III-V material.

e Wafer bonding requires both wafers to be perfectly clean in order to avoid defects
such as bubbles in between the wafers, compromising the performance of the fab-
ricated devices. The tolerance is very low as even a particle with a diameter of 1

pm can form a bubble with a lateral diameter of several millimetres.

e Another issue that has to be taken into account when bonding whole wafers is
wafer bowing. This is caused by the strained multi-quantum wells required to

develop an efficient light source.

2.3.4.3 Heterogeneous III-V/Si lasers

A drawback of the previously mentioned hybrid platforms is that the overlap of the
optical mode with the III-V active gain region is small. This results in increased cavity
lengths to achieve sufficient gain which in turn leads to significantly high threshold
currents. An approach to overcome this issue was firstly presented by the group of CEA
Leti in France [156]. In this structure the optical mode is directed from the passive Si
waveguide to the active III-V region and vise-versa by using two tapered rib-waveguides
(mode transformers) located at the edges of the gain region as shown in Figure 2.46.
The so-called supermodes of this hybrid structure are controlled by designing the tapers
appropriately. By using such design, the confinement of almost the entire field in the in
the middle part of the ITI-V active region in achieved resulting in maximum gain. The
demonstrated device operated under quasi-CW regime with a threshold current of 100

mA at room temperature and the fibre-coupled output power was ~7 mW.

This approach has been implemented with both bonding techniques, SiOq-assisted [158]
and BCB-assisted [157]. In the first demonstration the laser demonstrated was a single-
wavelength DBR (with ring filters) while in the second was it was a DFB design. The
resulted performance was similar in both demonstrations. The threshold current was
35-38 mA (at 20 °C), the maximum output power was 10-14 mW, the maximum lasing
temperature was 60 °C and the sidemode suppression ratio was 45-50 dB. Another
demonstration presented the same approach but using a resonant mirror fabricated in
the Si waveguide [159]. Using this design the complex fabrication of tapers in the ITI-V
materials is avoided. The laser operated under pulsed mode, however, the very low
threshold current of 4 mA of this structure makes it promising for low power consumption
PIC.
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FIGURE 2.47: Schematic representation of bonding individual III-V dies to a Si wafer.

2.3.4.4 Transfer printing

To avoid the drawbacks of bonding whole ITI-V wafers as mentioned earlier, small I1I-V
dies can be diced and bonded individually at specific locations on the Si wafer, as shown
in Figure 2.47. This approach alleviates the wafer size restriction and allows for a more
efficient exploitation of both ITI-V and Si material. In addition, it is less susceptible
to III-V wafer bowing due to the smaller surface of the the III-V die. This approach
also enables the bonding of different epilayers to the same Si substrate. Moreover, by
bonding dies instead of full wafers, the effect of a single defect is dramatically minimised,
resulting in high yield. However, dicing the dies could cause small debris to be left at
the sample edge, thus compromising bonding quality. A technique to bond III-V dies

onto a Si substrate is the transfer printing method which is described in 2.3.4.4.

A novel alternative bonding technique that avoids the issues of the techniques previously
discussed is transfer printing. In this method, thin film components are transferred from
a source to a target substrate providing a scalable approach for device integration making

efficient use of the source material.

In transfer printing, a soft elastomeric Polydimethylsiloxane (PDMS) stamp picks up a

thin-film material stack or device (also referred to as coupon) from a source substrate
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FIGURE 2.48: Tllustration of the optically pumped transfer printed LED [161].

and then places it on a target substrate. As described in [160] the adhesion of the
elastomeric stamp depends on the velocity of the stamp. Picking the coupon from its
native substrate is carried out by moving the stamp rapidly (in order to apply a force
greater than the adhesion to the native substrate). Then the coupon is printed to an
SOI chip by releasing the stamp slowly. The main advantage of this method over other
bonding techniques is that coupons can be transfer printed in a parallel way, by picking

up and placing down large arrays of coupons simultaneously.

The first demonstration of transfer printing of III-V opto-electronic components on a
silicon photonic integrated circuit was in 2016 by De Groote et al. [161]. Thin InP based
membranes are transferred on and coupled to an SOI waveguide circuit, after which a
single-spatial-mode broadband light source is fabricated. The LED used is pumped
externally by a 1310 nm laser through the underlying single mode Si waveguide, which
is subsequently coupled to I1I-V membrane. The generated spontaneous emission is then

captured and coupled to the same SOI waveguide as Figure 2.48 shows.

The transfer-printed I1I-V membrane consisted of two 60 nm thick InP layers, with
an InGaAsP multi-quantum-well layer stack in between, resulting in a total membrane
thickness of 200 nm. The target substrate was SOI on which a 50 nm thick DVS-BCB
layer was spin-coated that served the bonding agent for the transfer printed coupons.
The membrane layer was grown on the InP wafer. In between, a 1 um thick InGaAs
sacrificial layer was grown. An InGaAs(100 nm) / InP(1 pm) sacrificial layer pair was
grown on top of the membrane LED stack and was removed after transfer printing.
This offered mechanical stability to the coupon preventing its buckling when on stamp.
The next step was to define anchoring locations for the coupon by etching through the
InGaAs release layer into the substrate. Finally, in order to protect all epitaxial layers
above the sacrificial InGaAs layer, a photoresist coating was applied and patterned. At

the same time the tethers anchoring the coupon to the substrate were defined.
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FIGURE 2.49: Process flow of transfer printed, optically pumped LED [160]. (a) InP
starting layer stack, (b) Coupon patterning, (c) Encapsulation and tether definition,
(d) Top view after encapsulation and tether definition. The cross section of the other
figures is indicated, (e) Release etch, (f) Pick-up of the III-V coupon from the InP
source substrate, (g) Printing of the III-V coupon to the SOI target substrate, (h)
Removal of encapsulation and of sacrificial layers, (i) Definition of LED.

The InGaAs release layer was etched using aqueous Iron Trichloride (FeCls) preparing
the coupons for the next step. Upon placing the patterned PDMS stamp on the coupon,
the stamp was rapidly retracted from the InP substrate and then the coupons were
transferred to the DVS-BCB coated SOI target wafer by attaching the coupons and
releasing the stamp slowly. Once the coupon was placed, the photoresist encapsulation
and the InP/InGaAs sacrificial layer pair were removed using O2 plasma and wet etching
respectively, before the membrane was further processed and aligned to the target SOI

waveguide circuit using lithography. The process flow is illustrated in Figure 2.49.

Similar to wafer bonding, several interfaces between III-V and Si can be used. Alter-
natively, III-V can be directly printed on Si, however, surface smoothness is a crucial
requirement [162]. Using BCB-assisted printing on the other hand, alleviates the need
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for clean surfaces but at the expense of thermal issues [163]. To overcome the heating
issues, a metal-based interface layer can be used to provide an efficient heat sinking
without compromising device performance [163]. Several lasers structures on Si have
been demonstrated using this approach including ridge waveguide lasers with etched

facets [164, 163, 165] and surface-emitting lasers with Si photonic crystals mirrors [162].

2.3.5 Monolithic ITI-V epitaxy

Instead of integrating III-V lasers with Si by bonding approaches, an alternative ap-
proach is the monolithic integration which includes the direct crystal growth of III-V
semiconductor lasers on Si. Using this mature approach, a low cost and reliable inte-
gration is enabled theoretically [166]. Some of the advantages of this approach are low
cost, due to the elimination of costly III-V substrates, optimal substrate thermal con-
ductivity and the ability to process, test and package 300 mm wafers. However, there
are also drawbacks associated with this technique, the most important one being the
lattice and thermal expansion mismatch. The difference in the lattice constants between
the III-V and the Si substrate above a certain thickness (”the critical thickness”) results
in the formation of lines of missing atoms called ”dislocations”. These dislocations in
the active area can in turn cause degradation in the laser performance, as they act as

non-radiative recombination centres.

In addition, due to the different thermal expansion coefficient, the III-V epilayer can ex-
perience a large tensile or compressive stress during crystal growth (typically performed
in the 350-1200 °C range for most III-V semiconductors), causing crack formation or

delamination.

2.3.6 Conclusion

In this chapter, several approaches for the development of an integrated laser that have
been demonstrated in the last 20 years, have been reviewed and analysed. The first
conclusion that can be drawn is that at present, no single technological approach for in-
tegrated laser sources on-chip exists as a panacea, but some approaches offer advantages
over the others. One of the reasons to explain the uncertainty about the mainstream
technological solution that will be chosen is also that it strongly depends on the PIC
architecture considered. For instance, one option could be the integration of several
low-power small-footprint lasers on-chip while another option could be the integration
of only few lasers with higher output powers, feeding the entire PIC. Constraints on

laser device performances depend on the integration approach.

Bonding of III-V materials is currently the most developed technique for fabricating

III-V light sources on Si. However, aspects of this technology including the reliability,
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performance, uniformity and the cost of the aforementioned approaches targeting high-
volume, large-scale integration on chip interconnects, are still unknown [123]. Moreover,
significantly improving the WPE could render this as the dominant technology. In
a long-term perspective, the direct monolithic integration of both group-IV or group-
ITI-V semiconductor lasers may provide ultimate integration opportunities, through full
wafer or localised epitaxy. However, significant improvements in material research have

to be carried out in order to reach efficient lasing properties.



Chapter 3

Suspended (e waveguides

3.1 Introduction

Ge has become a material of high interest for MIR integrated photonics due to the
reasons described in 2.2.1. Using suspended Ge has the principal advantage of avoiding
material losses from any cladding so that Ge’s entire transparency range can be exploited.
A further advantage of suspended Ge compared to the GOS platform is that it has a
high and symmetrical refractive index contrast between the core and upper and lower air
claddings. In the case of GOS, there is a high index contrast between the Ge core (An ~
3.0 at 7.67 pm) and upper air cladding, but low contrast with the Si lower cladding (An
~ 0.6 at 7.67 pm). This results in the need for thicker rib waveguides, which in turn
will result in a weak mode overlap of the evanescent field with the upper air cladding.
Therefore, suspended Ge enables the development of thinner waveguides that exhibit
larger evanescent field. This is a great advantage for sensing applications, in terms
of sensitivity, where high mode overlap with an analyte surrounding the waveguide is

desirable.

This chapter describes the development of suspended Ge waveguides for 3.8, 7.67 and
9.5 pum. Four Ge thicknesses tg. were used for the different wavelengths: tg. = 400 nm
and 500 nm for A = 3.8 um, tg. = 1 pm for A = 7.67 and lastly tge = 2 um for A =9.5
pm. The chapter includes the simulations carried out as well as the fabrication process

and the characterisation of the final devices.

3.2 Design and simulation

This section includes the simulations carried out for all the components comprising the
final device as well as the mask layout. Numerous simulation tools are used to simulate

active and passive photonic devices with the most common ones being Comsol, Rsoft,
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Fimmwave and Lumerical. The software that is widely used in the group and therefore

chosen for the simulation of the devices in this work is Lumerical.

Lumerical [167] is a photonic simulation software that includes a comprehensive waveg-
uide design environment for the analysis and optimisation of integrated optical waveg-
uides, components and fibres. It includes various tools but the ones used in this work
are Mode solutions and FDTD Solutions. Both tools can operate in 1D, 2D and 3D
mode. Mode solutions can perform modal analysis, bidirectional eigenmode expansion
and a Variational Finite-Difference Time-Domain (varFDTD) which is an approxima-
tion of a full 3D FDTD. This method is faster than the full 3D FDTD. It reduces the
3D problem into an effective 2D problem but for this to be valid the assumption is that
the coupling between the slab modes supported by the vertical waveguide structure is
negligible. FDTD solutions is a fully vectorial 3D Maxwell solver but the simulations
times are significantly longer, especially for devices of larger dimensions. This is because
the number of grid cells covering the device needed for the calculation is proportional

to the device’s size.

Another solver used in this work is the Eigenmode Expansion (EME) in Mode Solutions.
This solver considers the propagation of light by decomposing the local field into the
modes at that position (known as “supermodes”). While travelling in a uniform medium
(e.g. a section of waveguide, a directional coupler or the rectangle in an Multi-Mode
Interferometer (MMTI)), each mode is propagated individually simply by multiplying
by the complex propagation constant. To connect to the next section of the device,
scattering parameters are used. The use of S-parameters is inherently bi-directional
hence it includes both forward and backwards propagation. This technique is accurate
for an infinite number of modes and is well suited for long structures such as MMI

couplers, tapers, etc.

3.2.1 Waveguides

In this section, the various simulations carried out to investigate the behaviour of the
waveguides, are described. Waveguides for three wavelengths were developed: 3.8, 7.67
and finally 9.5 pm, since sources at these wavelengths are available in the Optoelectronics
Research Centre (ORC).

3.2.1.1 Straight waveguides

The guiding structure is a rib waveguide, based on a Ge-on-SOI platform. The wafers
were fabricated using Ge-on-SOI with a Ge layer grown by RPCVD on SOI. The Ge
layer thickness was varying from 400 nm to 2 pym depending on the desired wavelength.

In order to ease the subsequent removal of the underlying Si layer in the waveguides
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Ficure 3.1: Effective index as a function of the waveguide width for the 1 pm thick
Ge at A = 7.67 pm.

designed for A=7.67 and 9.5 um as described in 3.3, this layer was thinned from 220 nm

down to 60 nm using a combination of oxidation and etching steps.

To simulate the waveguides a script had to be developed which was used to change
various parameters of the design such as the materials used and their dimensions. The
critical dimensions which defined the performance of the waveguide are the Ge layer
thickness, the BOX layer thickness, the waveguide’s width and the etch depth. The sim-
ulation’s outcome determined the dimensions that the waveguides need to have to ensure
propagation of either single TE or single TM mode. In addition, mode confinement in
the waveguide is determined by the etch depth which is important when designing tight
bends. However, deeply etched waveguides exhibit higher loss since the main loss mech-
anism is scattering of light due to surface roughness at the waveguide’s sidewalls which
scales inversely with the fourth power of the wavelength (A=%) [168]. Therefore, there
is a trade-off between the mode confinement and the propagation that has to be taken
into account when determining the etch depth. Upon carrying out simulations to ensure
single mode operation, the optimal values for the width and the etch depth were chosen
for each platform. Figure 3.1 shows the simulation results for the 1 um thick Ge for A =
7.67 pm. Similarly, the single mode condition for the other waveguide thicknesses and

wavelengths was obtained.

The dimensions as well as the theoretical loss value obtained for each platform are shown
in Table 3.1. Figure 3.2(a) and Figure 3.2(b) for example the simulated simulated
waveguide design and the fundamental TE mode at 7.67 pym for the 1 pum thick Ge.
The simulated optical mode confinement of the fundamental TE mode at 7.67 pm in
air, using the dimensions in Table 3.1, is ~15% as opposed to ~2.5% in GOS in the

waveguides presented in [86].
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TABLE 3.1: Rib waveguide dimensions and theoretical propagation loss values obtained
for the fundamental TE mode.

Wavelength 3.8 pm 7.67 pm 9.5 pm
Ge thickness 400 nm 500 nm 1 pm 2 pm
Si thickness 220 nm 60 nm 50 nm
BOX thickness 3 pm
Etch depth 250 nm 200 nm 300 nm 500 nm
Waveguide width 1.1 pm 1.5 pm 3.5 pm 5.5 pm
Simulated loss | 0.109 dB/cm | 0.084 dB/cm | 0.064 dB/cm | negligible

TE, 1o = 7.67 ym |Ey G, )|

Mode confinement in the core = 85.7%

cen=1) W

Air(n=1)

Si substrate

-5 —4 -3 -2 -1 0 1
x (um)

(b)
FIGURE 3.2: (a) Schematic of the simulated 1 um Ge waveguide for A = 7.67 pm. The

grey layer and the red layer correspond to the Ge layer the Si substrate respectively.
(b) Cross section of the simulated fundamental TE mode at A = 7.67 pm.
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F1cURE 3.3: Diagram showing the structure of the suspended Ge waveguides fabricated
with a two dry etch step process.

In order to suspend the waveguides, holes were designed on each side of the waveguides
in order to gain access to the BOX and remove it. The lateral distance of the holes from
the waveguides was determined using the power and impedance integration tool in the
eigensolver analysis window of MODE solutions, such that the fraction of the optical
power propagating through the holes does not exceed 0.1%. However, by increasing this
distance, the etching time in HF to locally remove the BOX is also increased which com-
promises the mechanical robustness of the waveguides. Therefore, there is an apparent
trade-off of propagation loss due to reflections from the holes and mechanical stability.

Figure 3.3 shows a schematic of the top-view of the suspended Ge waveguides.

In the case of the 2 yum Ge for A = 9.5 um, the effect of the holes on the propagation
loss was investigated by carrying out FDTD simulations for higher accuracy due to the

fact that FDTD is a direct solution of Mazxwell’s equations.

First, by sweeping the the period and the duty cycle of the lateral holes, the dimensions
at which the highest reflections were obtained were for a period of A = 4 and DC =
0.35. The duty cycle is defined as the air to Ge ratio. Figure 3.4 shows the reflection

spectrum corresponding to a gap between the holes and the waveguide core of 1 pm.

To ensure minimal reflections from the holes, a simulation was carried out to obtain a
figure for the reflection as a function of the distance of the holes from the waveguide core.

Figure 3.5 shows the result for a simulation carried out for a 160 pum long waveguide.

As observed from the simulation result, for a gap of <3 pum the reflection drops below

1%

At such long wavelengths (7.67 and 9.5 pum), the loss due to the Si substrate leakage
becomes a limiting factor. Therefore, having a sufficient air gap thickness between the
waveguide and the substrate is crucial for operation at longer wavelengths. Figure 3.6
shows the loss of 1-um-thick Ge, due to leakage to the substrate as a function of the air

gap thickness. The graph was created by sweeping the position of the lower z boundary
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F1cURE 3.4: Reflection spectrum of a 400 um long waveguide, for a hole period and
duty cycle of A = 4 pum and DC = 0.35 respectively. The distance between the holes
and the waveguide core was selected to be 1 pum.
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FIGURE 3.5: Reflection due to the lateral holes as a function of the distance between
the holes and the waveguide core.

in the Finite Difference Eigenmode (FDE) solver, upon setting it to perfectly matched
layer and obtaining the corresponding loss values. It is apparent that at wavelengths
longer than 12 pm, the 3 pm air gap becomes insufficient for the mode confinement in

the waveguide.

3.2.1.2 Bends

Apart from the straight waveguides, simulations have also been carried out for bent
waveguides. The solver used to simulate the bends was the 2.5D variational FDTD

solver, also called the varFDTD solver. This solver works by collapsing a 3D geometry
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FIGURE 3.6: Substrate leakage loss as a function of the air gap for the waveguide
dimensions in Table 3.1

FIGURE 3.7: Schematic of the simulated Ge bend structure. The orange rectangle indi-

cates the simulation region while the yellow rectangles represent the frequency domain

power monitors used in order to obtain the transmission. The purple arrow indicates

the direction in which the source is emitting while the crosses (green and blue) indi-

cate the x,y coordinates of the test points used to study the materials created in those
regions.

into a 2D set of indices, and runs a 2D FDTD simulation which is much faster and uses
less memory compared to a 3D FDTD simulation. This works best with waveguides
made from planar structures, as the main assumption of this method is that there is
little coupling between different supported slab modes. The schematic of the simulated

structure is illustrated in Figure 3.7.

The transmission values were obtained using a frequency domain power monitor upon

propagating a beam at 7.67 um from a light source. There is a trade-off between the etch
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FIGURE 3.8: The graph showing the normalised transmission (z-axis) as a function of
the etch depth from 0-1 pum (y-axis) and the bend radius from 0-200 pum (x-axis).

depth and the bend radius. Increasing the etch depth will result in a higher confinement
of the optical mode inside the waveguide allowing for smaller bend radii. However, it
will induce an increase in the propagation loss. Therefore, a sweep was carried out in
order to obtain the optimum match for the etch depth and the bend radius such that
low propagation losses are achieved using acceptable bend radius values. The results are

presented in the form of a three dimensional graph shown in Figure 3.8.

From the simulations the bend radius for which the mode is well-confined in a 3 pm

wide waveguide for an etch depth of 500 nm, is 100 pm.

3.2.2 Grating couplers

The design and simulation of the grating couplers were carried out using the FDTD
solving technique, an “exact” numerical calculation of Maxwell’s equations, where the
accuracy converges to the exact solution as the spatial discretisation of the volume is

reduced, i.e. smaller mesh size.

The grating couplers designed are 2D structures. This means that the refractive index

changes not only along the x axis but along the y axis as well, as shown in Figure 3.9.

The duty cycles in both axes are defined below:

Ngro — lai
DC, = gr,x air,x 1
C —Agm (3.1)
A Y T lair
DC, = 820 (3.2)

Agr,y
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FI1GURE 3.9: Schematic of the subwavelength grating coupler.

where Ay, lq;r and DC are the period, air gap and duty cycle respectively. The subscript

indicates the axis.

The 2D FDTD solver in Mode solutions was used to simulate the grating couplers
because it takes much less computational memory and simulation time compared to the
3D without compromising the accuracy of the results. The illustration in Figure 3.10
depicts a grating coupler structure: the Si wafer on the bottom, a functional Ge layer
on top of a 3 um BOX. The green parts resemble the holes. Due to the fact that
the grating coupler is a 2D structure as explained above, these parts have an effective
refractive index value between 1 (air) — 4.02 (Ge) depending on DC,,. In this case the
lateral duty cycle was 0.8 which corresponded to an effective refractive of n.ry = 3.42

wich was calculated using Equation 3.2.

nefr = DC*nefrge — (1 — DC) * naiy (3.3)

The orange rectangle defines the simulation region. Using Perfectly Matched Layer
(PML) boundary conditions the radiation appears to propagate out of the computational
area and, therefore, does not interfere with the fields inside. The yellow lines shown
represent frequency-domain power monitors which collect power flow information in the
frequency domain from simulation results across spatial regions within the simulation.
Figure 3.10(a) is used to simulate the input grating coupler and Figure 3.10(b) is used

to simulate the output grating coupler.

For an input grating coupler, a fundamental TE mode is launched from the top of the
grating coupler at an angle (in the case of the lab setup described in Section 3.4.1
the angle of the fibre is 20°) and coupled into the waveguide by the grating. Power
monitors are used to record the insertion loss and reflection of the grating coupler. For
an output grating coupler, a fundamental TE mode is launched from the waveguide and

out-coupled.
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FiGure 3.10: 2D FDTD simulation configuration for the grating coupler. Mode

sources are used to inject light into the simulation either from above the grating coupler

(a) or from the waveguide (b). Frequency domain power monitors are used to measure
the transmission.

By running sweeps for the period and the duty cycle, the optimal parameters were
obtained taking into account the coupling efficiency as well as the back reflections. The
results are presented in a form of graph in which the x-axis is the period and the y-axis

in the normalised transmission for a given value of duty cycle as shown in Figure 3.11.

To simulate the grating coupler for A = 9.5 um the 3D FDTD solver was used for higher
accuracy. The 3D schematic of the simulated structure as well as the simulation results

are shown in Figure 3.12.

The optimal grating coupler parameters for A = 3.8, 7.67 and 9.5 pm are summarised
in Table 3.2.

In terms of the characterisation of the device, the most important part is to keep the
back reflections as low as possible. Otherwise, a cavity is formed between the grating
couplers and Fresnel reflections are observed, resulting in fringes in the spectrum caus-
ing variations in the transmission that make propagation loss measurements using the

method described in Section 3.4.3, unreliable.
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FiGUurE 3.11: Transmission and reflection spectra of the simulated grating coupler

designed for (a) A = 3.8 pm and (b) A = 7.67 pm. The blue line shows the transmission
while green red one shows the reflection.

TABLE 3.2: Grating coupler properties for 3.8, 7.67 pm and 9.5 pm.

Grating coupler properties

Wavelength 3.8 pm 7.67 pm 9.5 pm
Ge thickness 500 nm 1 pum 2 pum
Etch depth 200 nm 300 nm 1 pm
T, 1.71 pm 2.98 pm 3 pm
T, 1 pm 1 pm NA
DC, 0.6 0.5 0.7
DC, 0.8 0.8 NA
Simulated transmission || 46.18% 45.43% 48.48%
Simulated reflection 0.01% 0.14% 16.24%
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(a) 3D schematic of the simulated grating coupler showing the grating coupler
structure and the various monitors used to evaluate the performance of the
grating coupler.
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(b) Normalised transmission and reflection spectra.

F1GURE 3.12: Simulated grating coupler for A = 9.5 pm.

3.3 Fabrication

Upon simulating the desired devices, producing their layout followed. This was achieved
using a combination of the L — edit layout software by MentorGraphics [169] and a
series of C++ functions which were first written and then called as macros in L — edit.
First the fundamental blocks of the devices were developed in a form of a library of
C++ functions. Then different component parts are aligned so they form different sets
of devices. This way the design of multiple components were parameters were changed
frequently was made easier and more time efficient. Examples of this include waveguides
with different lengths which were used to calculate the propagation loss using the cut-
back method (explained in 3.4 and grating couplers with different period and duty cycle
for the optimisation of the coupling efficiency from the optical fibres into the waveguides

and vice versa.

Once the device dimensions and parameters have been determined, fabrication followed.
The initial platform was Ge-on-SOI in which the Ge layer was grown by RPCVD at
IQFE [170] on an SOI wafer with 220 nm top Si and 3 pum BOX provided by Simgui
[171]. This fabrication run was carried out using 400 nm and 1 pm thick Ge. Once the

wafer was prepared, the first e-beam step was carried out to define the waveguides and
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FIGURE 3.13: SEM image of the 1 ym thick Ge-on-SOI.

the grating couplers. Then, in order to suspend the waveguides, the BOX and the Si
had to be removed. This was achieved by patterning holes with a second e-beam step
alongside the waveguide core far enough so they do not interact with the guided mode.
Using ICP the remaining Ge slab and the Si layer were etched exposing the BOX which
was then removed by immersing it in 7:1 HF for 10 minutes. Next, the Si was removed
by carrying out a second wet etch using a 25% aqueous solution of TMAH for 2 hours
at room temperature. Figure 3.14 shows the overall process flow of the first fabrication

run.

As seen from the SEM image taken (Figure 3.13), out of 220 nm of the initial thickness,

approximately 70 nm were left.

Due to the 4.2% lattice mismatch between Ge and Si, Ge epitaxial layers on Si substrates
have high TDD (in the order of 10% cm~2) and surface roughness. The removal of the Si
layer causes increased confinement of the optical mode within the Ge waveguide. This
results in less mode interaction with the Ge-Si interface reducing the propagation loss

due to scattering.

However, it was observed from the results discussed in Section 3.4 that this fabrication
process flow was unsuitable for processing Ge resulting in high propagation loss. In
particular the main issue was the oxidation of Ge. The asher, which is used to strip the

photoresist after every dry etch step, uses an Os plasma which results in the formation
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FIGURE 3.14: Process flow of the first fabrication run. The green, yellow and red parts
represent the layers of Ge, Si and BOX respectively.

of Germanium Dioxide (GeO3). This oxide layer has a solubility in water of 0.447 g in
100 mL at 25 °C and 1.07 g in 100 mL at 100 °C [172] . It is also soluble in HF since
it contains water. This means that every process step that includes water, defects are
created on the Ge layer resulting in high propagation loss. Moreover, it appeared that
the BOX was of an inferior quality resulting in a non-uniform etching profile as shown

in the SEM image of the waveguide cross section taken in Figure 3.15.

As observed from the SEM image, approximately 52 pm of the BOX was removed
laterally giving an etch rate of 5.2 pm/minute. However, in the y-direction, the BOX
was not completely removed due to the anisotropic etch. This means that the density
of the BOX in the y-axis varied.

To overcome the issue of the Ge oxidation, a new fabrication process flow had to be

implemented. The exposed Ge was protected by a thin layer of SiO2 (100 nm thick) that
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FIGURE 3.15: SEM image of the 1 um thick Ge-on-SOI after the first fabrication run.

was deposited using the PECVD tool, before every e-beam step as shown in Figure 3.16.

For the second fabrication run 500 nm and 1 pm thick Ge layers were used for A = 3.8
pm and 7.6 um respectively. The SOI wafer used was provided by Soitec [173] having a
BOX of a better quality. Also, to decrease the etching time of Si in TMAH, before the
growth of Ge, the Si layer was thinned down to 60 nm by performing a dry oxidation
step for 26 hours at 1000 °C. This caused the formation of 430 nm of SiOs which was
then removed by wet etching with (7:1) HF for 4 minutes and 45 seconds, given that
the etch rate of SiOs in (7:1) HF is 88 nm/min. The wafer was mapped using the
ellipsometer after thinning to obtain the thicknesses and uniformities of the layers as
shown in Figure 3.17. According to the mapped graph, the thickness is uniform across

a high percentage of the wafer surface.

The wet etching times in HF and TMAH were 80 min and 1 hour respectively. After
fabrication SEM images of a waveguide cross section were taken as shown in Figure 3.18.

From Figure 3.18(a) it can be observed that the etching profile is significantly more
uniform compared to the first fabrication run resulting in the complete removal of the
BOX. Also, because the substrate was exposed this time, it was etched as well resulting
in an increase of the air gap by 440 nm. This in turn decreases the loss due to the
reduced leakage of the optical mode to the Si substrate. It also shows a route towards
fabrication of waveguides suitable for longer wavelengths since the separation between

the Ge waveguide and Si substrate can be increased even further.

The fabrication of all the components presented in this work was carried out in the
Southampton Nanofabrication Centre (SNC). The size of the samples used was 30x40
mm. Samples were used instead of a whole wafer due to fact that the devices designed

were small enough such that a sufficient number of component variations can fit.

The first step includes an e-beam lithography to pattern the samples. In this method
of lithography the custom layouts are written by scanning a focused beam of electrons
on a surface covered with an electron-sensitive film called resist (exposing). The solu-
bility of the resist is changed by the electron beam, enabling selective removal of either
the exposed or non-exposed regions of the resist depending on the type of resist used

(positive or negative respectively). The main advantage of e-beam lithography is its
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(a) Initial Ge-on-SOI platform. (b) Deposition of SiO2 and spinning of photoresist

<

c) Waveguide patterning. (d) Holes patterning and dry etching.

—

\

(e) Removal of the BOX and the Si layer by wet etching
using HF and TMAH.
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(f) Final structure. (g) Material colour
code.

FIGURE 3.16: Process flow of the second fabrication run.
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FiGURE 3.17: Mapped SOI wafer after oxidation

capability of drawing custom patterns (direct-write) with sub-10 nm resolution. This
form of maskless lithography has high resolution but low throughput due to the long
writing times required, limiting its usage to low-volume production of semiconductor
devices, and research and development. An important limitation that has to be taken
into account when writing on insulating materials (e.g. SiOg) with e-beam, is that
negative charge build-up can occur on the surface causing beam deflection and hence
pattern distortion. Therefore, the samples have to be spin-coated with Espacer 3007,
a commercially available conductive polymer which can be simply removed by rinsing

with water.

In the case where more that one e-beam step are required (in case where the etch depths
of various components are different), alignment marks of rectangular shapes (shown in
Figure 3.19) had to be written on the wafer so that both beams were well aligned to
each other. The alignment marks are a set of predefined marks written at the edges of a
chip or wafer, which are then located by the e-beam in order to align between multiple

e-beam steps.

Once the mask layout was completed it was then handed to Dr. Ali Khokhar in GDS-
IT format who converted in to an e-beam file type (.V30 file type) using the Beamer
software by GenlISys [174]. GDS-II stream format is a database file format which is
the industry standard for data exchange of integrated circuit or Integrated Circuit (IC)
layout artwork. It is a binary file format representing planar geometric shapes, text
labels, and other information about the layout in hierarchical form. The data can be
used to reconstruct all or part of the artwork to be used in sharing layouts, transferring
artwork between different tools, or creating photomasks. Apart from the mask layout,
parameters for the e-beam operation such as the spot size and the beam’s dose are
contained in this file. The next step was to spin coat a photoresist layer, which was
then baked for 3 minutes at 180 °C. The resist used was ZEP-520A. The etching rate

selectivity of this resist to either Si or Ge is approximately 3 to 1. However, there
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FicUure 3.18: SEM images of a waveguide cross section after the second fabrication
run.
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FIGURE 3.19: GDS of alignment marks at the corner of a chip.

is a limitation when determining the thickness of resist. The thicker the resist layer,
the bigger the minimum feature size that can be written and this is due to electrons
scattering in the resist [175]. The tool used to write the pattern is the JEOL JBX-9300
e-beam machine. Upon patterning, the next step was to develop the samples using the

ZED-N50 developer after removing the Espacer by rinsing with water.

Having patterned the devices, etching followed. The samples were etched using the
Oz ford Instruments ICP 380 system [176]. The ICP etches the samples by creating a
plasma from the gasses injected into its main chamber (Figure 3.20). This is achieved by
applying a strong Radio Frequency (RF) power to a coil antenna generating a magnetic
field that ionises the gas molecules by stripping them of electrons and, thus creating a
plasma. This results in a voltage difference built into the chamber due to the collision
of electrons with the wafer caused by of the oscillating RF power (charging the wafer).
in order to accelerate the gas ions from the plasma towards the wafer, an additional DC
power is created into the chamber. The collision of the gas ions with the sample results

in a reaction with the surface etching material.

Inserting the samples in the ICP tool, a plain silicon wafer was used as carrier with
the samples resting on top. The gases used for the creation of the plasma were Sulfur
hexafluoride (SFg) and Octafluorocyclobutane (C4Fg). The parameters of the etching

recipe used are shown in Table 3.3.

This was the standard Si etching recipe utilised by the group, which was used to etch
Ge as well. The etch time was calculated according to the desired etch depth and
the material being etched. In order to monitor the etching progress, the samples were

removed from the ICP and then the remaining layer thickness was checked using an
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FIcure 3.20: ICP diagram [176].

TABLE 3.3: ICP etching recipe parameters.

ICP etching recipe

Parameter Value Unit
Pressure 15 mT
RF Power 50 AW
1ICP Power 80 w
Temperature 15 degrees
SF¢ Flow 25 sccm
C4Fg Flow 45 scem
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F1GURE 3.21: Etch depth of Ge and ZEP resist as a function of time.

elipsometer. A 1x1 mm metrology box was initially defined in the mask for this purpose.
Figure 3.21 shows the etch depth of both Ge and ZEP resist as a function of time. Once
etching was completed, the remaining photoresist was removed using an O plasma

asher.
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3.4 Characterisation

This section presents the propagation loss measurements taken for the fabricated devices.
The various techniques as well as the equipment used for their characterisation are also

presented.

3.4.1 3.8 um setup

In this section the various parts composing the 3.8 um setup are described. The beam
is initially generated by a tunable QCL provided by Daylight Solutions [177] ranging
from 3.71 pm to 3.89 um with a peak output power of ~150 mW at 3.8 um operating in
CW mode. The tuning accuracy is 0.5 cm~! and the linewidth is 40:003 cm™!. The
beam emitted is TM polarised (>100:1, TM:TE) relative to the plane of the sample when
placed flat on a surface. The laser temperature is constantly maintained at 21 °C using
a chiller circulating a coolant that consists of a HoO/Isopropyl Alcohol (IPA) mixture.
Controlling the laser parameters (wavelength and laser current which in turn controls the
optical power) is achieved by a laser controller, supplied by the manufacturer, connected
to a PC via the General Purpose Interface Bus (GPIB) and run using the LabVIEW
software by [178]. The beam is directed to a half-wave plate, using a set of reflectors,
in order to control its polarisation. Then, using a ZnSe lens (transmission range 0.5-20
pum), the beam is coupled to a Fluoride (F~) based MIR single mode fibre (provided by
I RPhotonics now part of Thorlabs [179]) , capable of guiding light from 300 to 4100
nm. The core and cladding dimensions are 9 ym and 125 pm respectively. With the
help of grating couplers, the beam is coupled into and out of the device fabricated. The
sample is placed on a stage, and the input and output optical fibres are supported by
three-axis stages which can be aligned manually using piezo-controllers. Navigating the
fibres on the chip is achieved with the help of a visible light camera with a magnifying
lens tube placed above the sample stage. The camera output is displayed on a screen,
showing a top view of the sample. Using the output fibre, the beam is guided to a
Mercury Cadmium Telluride (HgCdTe) photodetector with a detectivity of 6x10'° Jones
provided by Vigo System [180]. This detector has the advantage of not requiring liquid
nitrogen for its cooling. The detector is connected to a lock-in amplifier which was in
turn connected to the PC via another GPIB providing the LabView program with the
measured transmission which is plotted against the laser output wavelength. The lock-
in amplifier locks the signal from the detector onto the modulated laser output from
a chopper wheel controller, increasing the Signal-to-Noise Ratio (SNR). The setup is
illustrated in the form of a block diagram in Figure 3.22.
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FIGURE 3.22: Block diagram of the 3.8 pm setup.

3.4.2 7.67 and 9.5 ym setup

The long-wavelength experimental setup utilised to characterise the fabricated waveg-
uides comprises a single-mode CW DFB QCL ([179] QD7500CM1) capable of emitting
light with a maximum output power of 106 mW at A = 7.67 um. It also includes a
tunable QCL provided by Daylight Solutions [177] ranging from 9.25 pm to 10 pum
with a peak output power of <100 mW operating in CW mode. The beam of both
lasers are then collimated using a black diamond-2 lens with a focal length of 1.9 mm,
modulated using a chopper wheel and then coupled into a single-mode Arsenic Trise-
lenide (AsgSes) fibre (Coractive IRT-SE-28/170) using another black diamond-2 lens
with a focal length of 6.0 mm. Light from the output grating couplers was collected
via another single-mode fibre and coupled to a liquid-nitrogen-cooled HgCdTe detector
([181] MCT-13-1.00). The signal from the detector was amplified using a pre-amplifier

before being guided to a lock-in amplifier to improve the signal-to-noise ratio.

3.4.3 The cut-back method

The method utilised to calculate the propagation loss of all the waveguides presented
in this work, is the cut-back [182]. In this method the propagation loss is measured
using waveguides of different lengths as shown in Figure 3.23. Its main advantage over
other methods is that all the other loss mechanisms, including the insertion loss of the
grating couplers and the losses induced by the optical fibres, are eliminated and only

the propagation loss is extracted.

Another method is to include waveguides of the same length and by progressively re-
ducing it by polishing the chip, the propagation loss is extracted. This method can be
considered simpler due to the fact that no grating couplers have to be designed, however,

it requires a very good facet every time the sample is polished.



Chapter 3 Suspended Ge waveguides 91

A JHLEE

A A

JHHHEE JHHLEE

JHHAEE IHHEE

HETE HELEEN

T el I
AL

| L, | | n x AL |

F1cURE 3.23: Effective cut-back method diagram.

Alternatively, there is the Fabry-Perot (FP) method. The main drawback of this method
is that its accuracy depends on having a precise value of the facet reflectivity. This reflec-
tivity is difficult to determine, because optical facets defining the cavity may have rough
texture and profile, which introduces unpredictable reflection losses [183]. Furthermore,
the facet reflectivity for small waveguides may differ significantly from the Fresnel for-
mulae, which are based on a single plane wave calculation. For instance, the calculated
facet reflectivity of III-V cavity lasers can vary from 20% to 40% depending on waveguide
thickness, index contrast and optical polarisation [184]. Apart from the uncertainty in
the reflectivity value, interference from leaky modes and stray light can cause variations
in the peak height of the FP fringes and imposes difficulty in determining an accurate

fringe contrast [185].

Initially, the input power (I7,) and the output power (Ipu) of a waveguide of length
L, are recorded upon launching light using the grating couplers into the waveguide.
The same procedure is carried out for the next waveguide, which is longer than the
first waveguide by AL, to determine oo while keeping I, constant. The propagation
loss of the length variation (AL) is therefore related to the difference in the output
power from each measurement. By repeating the process multiple times using many
waveguides, an accurate value for the propagation loss is determined. The output power
I of a mode propagating in the z direction for a given input power I is dependent on

the loss coefficient («) as the Figure 3.4 shows.

I = Ipe " (3.4)

Therefore, the propagation loss of a waveguide of length AL = Li-Lo is expressed by
3.5
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where I; and Iy are the output powers of two adjacent waveguides.

3.4.4 Experimental results

Measurements have been taken for the 400 nm thick Ge sample developed in the first

fabrication run. The transmission was measured and the propagation loss was calculated

for the same sample before and after removing the BOX. The results are shown in
Figure 3.24 and Figure 3.25.
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FIGURE 3.26: Measured propagation loss of the 500 nm suspended Ge at A=3.8 pm.

Before removing the BOX the measured propagation loss was approximately 16 dB/cm
at 3.8 um whereas the one measured after suspending the waveguides was significantly

reduced reaching a value of approximately 2.9 dB/cm at the same wavelength.

Similarly, using the same method, the bend loss was calculated to be 0.13 dB/90° bend
at 3.8 um before removing the BOX. After suspending, the bends collapsed due to the
fact that the slab was not thick enough to provide mechanical stability. Therefore no

measurements were taken.
Measurements for the 500 nm and 1 pm thick Ge were also obtained (Figure 3.26).

The measured propagation loss was 3.91 dB/cm. As seen from Figure 3.26, the loss
is increasing for wavelengths longer than 3.77 um. A potential reason for this is that
as the wavelength increases, the size of the optical mode increases resulting in higher

interaction with the holes causing higher reflections thus, higher propagation loss.

The 1 pum thick Ge was measured at A=7.67 pym. The laser at this wavelength is not
tunable, therefore the loss could be only measured at the central wavelength. The prop-
agation loss obtained was 2.65 + 0.27 dB/cm as shown in Figure 3.27. This propagation
loss can be compared to the one reported in [105] in which suspended Ge waveguides
have been demonstrated for the the same wavelength exhibiting a propagation loss of
5.3 dB/cm.

The absorption coefficient of Ge at A = 7.67 um is negligible [186]. In addition, according
to simulations, leakage losses are 0.3 dB/cm for an air gap of 3 pum, decreasing to
2.4x1072 for an air gap of 3.5 um. Therefore, the propagation loss is likely caused by
scattering at the waveguide side-walls and by defects due to threading dislocations in the

Ge at the Ge-Si interface emanating from the 4.2% lattice mismatch between Ge and
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FI1GURE 3.27: Measured propagation loss of the 1 pm suspended Ge at A = 7.67 pm.

Si. Using the model for the calculation of the scattering loss due to side-wall roughness
in [168], the standard deviation of the roughness ¢ corresponding to the propagation
loss measured in this work for a correlation length of L, = 50 nm would be ¢ = 15
nm. The source of propagation loss cannot be accurately defined, as no Atomic Force
Microscopy (AFM) measurement of the sidewall roughness was taken. However, the
sidewall roughness of 15 nm is believed to be very unlikely in the fabrication process
used to develop these waveguides. A typical sidewall roughness of 0 = 5 nm would result
in a propagation loss of 0.3 dB/cm. The rest (2.3 dB/cm) would then emanate mostly

from the threading dislocations.

3.5 Conclusion

A set of suspended MIR Ge devices, such as waveguides, bends and grating couplers has
been demonstrated in this chapter. The lowest measured waveguide propagation loss at A
= 3.8 um was 2.9 dB/cm using a 400 nm thick Ge layer. The bend loss after suspending
the waveguides could not be measured due the collapse of the bent waveguides due
to mechanical instability. At A = 7.67 um the lowest measured propagation was 2.65
dB/cm. This was the first demonstration of low-loss suspended Ge waveguides at such
a long wavelength. Waveguides for a wavelength of A = 9.5 ym have also been designed
but not yet fabricated. Initial simulations were performed considering an air gap of 3
pm to investigate the substrate leakage of the fundamental mode. These simulations
suggest that in order to keep the substrate leakage losses in the sub-dB range, the 3 pym
air gap becomes insufficient for wavelengths longer than 10 um. Such waveguides are
of fundamental importance for building MIR, PICs. Moreover, the fabrication technique

provides the ability to locally remove a portion of the Si substrate precisely, increasing
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the air gap underneath the waveguide, enabling operation at longer wavelengths with
reduced substrate leakage losses using wafers with a conventional 3 ym thick BOX. These
results show that suspended Ge waveguides fabricated using Ge-on-SOI wafers have the
potential to be used throughout the MIR transparency window of Ge and for sensing
applications above 8 ym. The next step to extend this work would be to fabricate
the designed waveguides for A = 9.5 pym. In addition, since suspended waveguides
have been optimised for the wavelength of A\ = 7.67 um at which CHy exhibits strong
absorption as shown in Figure 1.3, it would be an excellent opportunity to characterise
the performance of this waveguide design in sensing experiments and compare them to
results obtained using alternative platforms at different wavelengths such as the work
reported in [27]. As a final remark, the results obtained in this chapter, in particular
the low waveguide propagation loss of 2.65 dB/cm, along with the successful increase of
the air gap, constitute very good indications of the validity of the suspended waveguide

design to extend the range at which Ge can be used in the MIR.






Chapter 4

QCL integration on GOS
platform using flip-chip bonding

In this chapter the process of integrating QCLs on a GOS platform using flip-chip bond-
ing is described. First, the main idea is presented along with the various simulations
carried out to investigate the influence of the laser misalignment of the coupling effi-

ciency. Finally, the fabrication process as well as the experimental results are presented.

4.1 Design and simulation

In this section, the design of the device is presented along with the various simula-
tions carried out to investigate the influence of the laser misalignment of the coupling

efficiency.

As discussed in 2.3.4.1, flip-chip bonding has been previously used to integrate light
sources with group-IV-based platforms. However, these demonstrations were operating
at telecom wavelengths, hence, the main idea of the work presented here is to integrate
QCLs emitting in the MIR. This is of particular interest for sensing applications as
described in 1.2. In this work, QCLs operating at a wavelength of 5.5 yum are flip-chipped
on a 3 pum processed GOS wafer as shown in Figure 4.1. Light is then butt-coupled to a
rib waveguide and then to an optical fibre via a grating coupler. The light sources are
in a form of bars each one containing 24 lasers and were provided by the university of
Sheffield.

To evaluate the influence of misalignment on the coupling efficiency between the laser
and the waveguide, simulations were carried out using Photon Design Fimmwave [187].
First, the cross-section of the QCL structure was drawn by constructing the rectan-
gular waveguide by a series of slices. It is within these slices that the epitaxial layer

structure is defined. Then the thickness and refractive index of each slice are defined
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FIGURE 4.1: Cross-sectional schematic of the integrated QCL with the GOS platform
presented in this thesis. The red dashed line separates the front-view (left side) from
the side-view (right side).

to finally obtain the QCL structure as shown in (Figure 4.2(a)). The model for the
QCL structure was provided by the university of Sheffield. Having completed the QCL
structure, a simulation was carried out to locate the modes of the waveguide using the
Film Mode Matching (FMM) solver. This solver was used because of its higher accuracy
compared to the other methods available in the simulator for rectangular structures that
can be described in a relatively low number of uniform refractive index regions, since
FMM is a semi-analytical algorithm. The simulated fundamental TM mode is shown in
Figure 4.2(Db).

Once the fundamental mode was found, a 3D version of the full structure, including
the QCL, the input and output waveguides as well as the taper connecting them, was
constructed in a FIMMPROP model. This is very useful to simulate structures that have
a low number of distinct cross sections along the propagating direction (such as MMIs),
or continuously varying structures like tapers and Y-junctions. It uses an eigenmode
expansion algorithm calculating the local modes at different points in the structure and
coupling matrices between those modes. Once the structure was drawn, the simulation
was carried out to calculate the field at every y-position and then plot the average value.
The simulated structure and the plotted field are shown in Figure 4.3. In this case, the
etch depth and the lateral offset as well as the gap between the laser and the output
waveguide were set to 0. For these conditions, the mode overlap was calculated to be
88%.

To investigate the transmission dependence on the lateral and etch depth misalignment
as well as the gap between the two facets, a parameter sweep was performed. This was
performed using a FIMMPROP Scanner that was controlled via a MATLAB script. The

sweep results are summarised in Figure 4.4.

From the simulation results, it is observed that the coupling efficiency is more affected

by misalignment in the z-axis due to etch depth error than in the y-axis due to lateral
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FI1GURE 4.2: Simulated QCL

misalignment. In fact, an etch depth error of 2.4 pum results in a reduction in the
coupling efficiency by 50%. On the other hand, the same reduction in the coupling
efficiency is caused by 6 pum of lateral misalignment. The simulation results also show
that due to the beam divergence of the laser mode, the gap between the laser and the
taper should be minimised in order to maximise coupling efficiency. In fact, from the
plot in Figure 4.4(c), 1 um of gap results in a reduction in the coupling efficiency by
77%. In addition, due to the cavity that is formed between the two facets, the plot
reveals the existence of Fresnel reflections. A similar plot is presented in [188] verifying

the behaviour of the system without using an anti-reflective coating.

To minimise reflections from the taper back to the QCL the first was designed to have an
angle ranging from 5° to 17°. Light from the QCL is coupled to the taper that is 10 ym
wide adiabatically reduced to match the single TM mode waveguide of 3.1 ym. In order
to ensure that the transmission measured during characterisation of the device is light
coupled to the waveguide rather than mode coupled through the slab directly from the

QCL, bends are used after the taper guiding the coupled mode away from the emission
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FIGURE 4.3: Simulated structure and field view of the QCL-waveguide system used to
investigate the overlap of the two modes.
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FIGURE 4.6: Schematic of the passive circuitry in which light from the integrated QCL
is coupled showing the input and output tapers, the waveguide bends and the grating
coupler.

axis of the QCL. To ensure minimal bend loss, the bending radius was selected to be 250
pm. After the bends, the mode enters another taper to match the width of the grating
coupler that was used to couple light in an optical fibre for the characterisation of the
device. A novel grating coupler design was used, that was proposed in [115], that is
comprised of a few diffractive elements with and an antireflective element. This type of
grating coupler was used because of its higher coupling efficiency, broader bandwidth as
well as lower back-reflections compared to a conventional grating coupler. The grating
coupler was optimised for the QCL emission wavelength (5.5 ym) and had periods of Ag,
= 7.3 pm with a DC of 0.5 and Agg = 1.18 um with a DC of 0.7 for the diffractive and
antireflective elements respectively. The simulated performance of the grating coupler is
shown in Figure 4.5. At A = 5.5 ym the grating coupler exhibits: a coupling efficiency
of 30%, a radiation of 0.01%, a substrate leakage of 61.3% and a low reflection of 0.04%.

The simulations carried out to obtain the optimum parameters for the passive circuitry
were carried out by Dr Jordi Soler Penadés. A schematic showing the design of the

passive circuitry is shown in Figure 4.6.

Once the simulations were completed, the mask layout was developed. The layout

included 6 layers: 4 for etching and 2 for metal deposition. The dimensions of each layer
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FIGURE 4.7: Mask layout of the alignhment marks showing the Vernier scale and the
number corresponding to each layer.

were chosen with respect to the dimensions of the laser. To understand the purpose
of each layer, the laser structure is described with the aid of the schematic shown in
Figure 4.1. To fabricate the laser, the waveguide is initially defined by etching 2 trenches
on both sides of the waveguide core. Lasers with waveguides of 5 and 8 pm width
were provided. After defining the waveguide, a thin film of SiO2 was deposited in the
trenches for isolation (orange layer), leaving the waveguide core exposed for the contact
deposition. The next step was to deposit a thick (~750 nm) Au layer which acted as the
top contact of the laser (red layer). The thickness of the bottom contact was ~3 pm.
Such thick metal layer was chosen to ensure sufficient heat dissipation, thus enabling CW
operation. The first layer was for the defining the passive circuitry (tapers, waveguides,
bends and grating couplers) in which light from the laser will be coupled into. This
layer was designed to be exposed using e-beam lithography due to the small features
contained such as the grating couplers in which the smallest dimension was 354 nm that
would not be possible to write with optical lithography in which the highest resolution is
in the micrometer scale. The same layer also included the alignment marks of the wafer
that consisted of 2 crosses in which the lines where 14 and 18 pym wide for an initial
approximate alignment and a Vernier scale in which the lines where 2 pm for higher

accuracy alignment as shown in Figure 4.7.

The next layer was for etching a window that will house the whole laser bar and define
the top part of the supports on which the laser bar will be placed. The laser bars
provided had a length of 13.4 mm and widths of 1.45, 2, 2.5 and 3 um emitting different
output powers. Therefore, to be able to house all the laser bars and have sufficient space
for the subsequent bottom contact deposition, the window was designed to have a length
of 13.5 mm and a width of 4.15 mm. The mask layout showing the window is shown in

Figure 4.8.

After designing the etching window, the next step was to design the mask layout for

the supports which were strips onto which the laser bar will be placed. In order for the
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FI1GURE 4.8: Mask layout of the layer defining the window.

design to be compatible with all laser bar lengths, the strips have a 200 pm gap in the
x-axis between them providing addition space for potential residues at the laser facet
that may be formed due to cleaving, thus preventing tilting of the laser bar causing
misalignment. The gap between the supports in the y-axis was 350 pum. The same layer
also defines the taper angled facets as shown in Figure 4.9. To be able to minimise
the distance between the laser and the taper facet, the top part of the taper has been
flattened to avoid protruding edges.

The next step was to design the mask layout for the trench as shown in Figure 4.10.
This trench was included to provide an additional safety measure to prevent liquid AuSn
solder, that will be deposited in following steps, to flow during flip-chip bonding until
it reaches the space between the laser and taper facet thus preventing coupling. The

trench is etched using HF achieving an angled etching profile.

The next mask layout was to define the Au bottom contact of the laser. Since the laser
characteristics allowed for a shorter contact, tracks having a different distance (100 and
500 pm) from the laser facet were designed. Having the track more far away from the
laser facet would aid the lift-off process with which the Au contacts are formed. The

mask layout is shown in Figure 4.11.

The final layer was for the definition of the AuSn solder-tracks for contacting the bottom
contact on the substrate with the contact of the laser. Similarly to the mask layout

defining the laser supports, the AuSn strips are separated from each other with 150
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FIGURE 4.10: Mask layout of the layer defining the trench.
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FI1GURE 4.11: Mask layout of the layer defining the Au bottom contact.

pm gaps providing addition space for potential residues at the laser facet that may be
formed due to cleaving. To aid fabrication, the dimensions of the mask layouts were
designed taking into account the requirements for the lithography and lift-off processes
for the various metal depositions. Therefore, the mask layouts were designed with a 15
pm gap between the various layers. The mask layout for the AuSn deposition is shown

in Figure 4.12.

To verify that the dimensions of all the layers are in accordance to the dimensions of
the laser-bar, the mask layout of the latter is added as an instance to the mask layout

of the substrate as shown in Figure 4.13.

4.2 Fabrication

Once the mask layouts for all the layers were carried out, fabrication followed. The
first step was to etch the window that will house the whole laser bar and define the top
part of the supports on which the laser bar will be placed. This etch depth is crucial
for maximising the coupling efficiency as it controls the alignment in the z-axis. The
targeted etch depth for optimal coupling efficiency according to simulations was 6.5 ym.
To achieve such a deep etch, thick resist was used to carry out the lithography. For
cost-saving purposes, to test the deep etch, a bulk Si wafer instead of a GOS wafer
was used since the behaviour of both materials under the same etching conditions is

similar. First, the wafer was placed in an oven for 2 hours at 210 °C to eliminate any
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FIGURE 4.12: Mask layout of the layer defining the AuSn solder track.
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FIGURE 4.13: Mask layout showing the laser and the substrate.
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FIGURE 4.14: SEM images showing the cross section of a 50 pm wide etched area on
a test wafer .

moisture on the wafer that would potentially compromise the adhesion of the resist on
the wafer. Upon letting the wafer reach room temperature, the resist was spun. In this
case, the resist used was the AZ 9260 with a thickness of 7 microns. Once the resist was
spun, it was baked for 180 seconds at 110 °C and then left to cool down for 30 before
exposure. To expose the layer, contact lithography was used using hard contact for
optimal alignment accuracy. Once the mask was aligned with the wafer, the latter was
exposed for 12 seconds. To develop the layer after exposure, development followed using
the AZ400K developer that was diluted with a 1:4 water to developer ratio for 3 minutes
and 30 seconds. Once the wafer was developed, it was cleaned using DI water before
hard baking the resist for 60 seconds at 170 °C. After lithography, testing of the etching
recipe followed. The etching time required to etch 6 pm of Si was 24 minutes, however
the initial test which involved a 5-minute etch step resulted in burning of the resist due
to the high temperature developed during etching. To tackle this issue, the recipe was
modified by limiting the etch time to a maximum of 90 seconds and by adding 2-minute
cooling steps in between the etch steps in order to prevent burning of the resist. The
modified recipe was tested using a test wafer in which a 50 pym wide area was defined.
The result revealed an etching profile with a slight angle as shown in the SEM pictures
in Figure 4.14.

Once the process was tested, the device wafer was etched. According to the simulations
described in Figure 4.4 the etch depth for which the optimum coupling efficiency is
achieved was 6.5 pm. However, the thickness of the resist could not be measured during
processing using conventional ellipsometry due to its large thickness. An alternative
method was used in which a small part of the resist at the edge of the wafer was locally
removed using acetone. Figure 4.15 shows the etch depth of Ge and Si as a function of

time.
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FIGURE 4.15: Etch depth of Ge as a function of time.

(a) Initial platform (b) Etched window

FIGURE 4.16: 3D schematic of the first etch step.

However, this method was not accurate due to the difference of the etch rate and the
thickness of the resist between the edge and the middle of the wafer. As a result, the
layer was overetched by ~ 400 nm. A 3D schematic illustrating the etching of the window
layer is shown in Figure 4.16.

The second etch step defined the supports onto which the laser bar will be placed as
well as the input taper facet as shown in the 3D schematic in Figure 4.17. The etch
depth had to be equal or bigger that the first etch otherwise a protruding edge at the
bottom of the input taper would be formed thus tilting the laser bar. However, this can
be avoided even with a smaller etch depth as the etch rate of Ge is higher than that of
Si. The etch depth of the second etch was 6.25 pm.

At this point, it was decided that the wet etch step defining the safety trench was
redundant due to the second etch step being deep enough such that sufficient space is

ensured for the solder track given its volume. Given that the bottom contact of the
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F1GURE 4.17: 3D schematic of the second etch step.

FIGURE 4.18: 3D schematic showing the SiO5 deposition.

laser bar is ~3 pm, in order to ensure contact between the laser bar bottom contact
and the contact on the substrate, the combined thickness of Au and AuSn that has to
be deposited must be >3.25 pum. However, this would not be viable as such thickness
would increase the cost dramatically. In order to overcome this issue, a ~2 um SiO»
was deposited to decrease the metal thickness needed. This step was carried out using
using the mask layout of the bottom contact with a negative resist. The resist used was
the AZ2070 that was spun at 4 thousand rounds per minute to obtain a thickness of 5.5
pm. Once the layer was exposed, development followed using the AZ726 metal ion free
developer for 60 seconds. In order to facilitate lift-off of the subsequent Au layer, the
dry etch was performed using an angled etching profile. A 3D schematic illustrating the
SiO9 deposition is shown in Figure 4.18.

Once the SiO9 layer was deposited, deposition of the bottom Au contact followed using
evaporation as shown in the 3D schematic in Figure 4.19. To ensure efficient adhesion
of the Au films on the substrate, a thin Ti film of 20 nm was initially deposited. In
this first attempt, a single-layer lift-off process was used. The thickness of the deposited
layer was ~750 nm.
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F1GURE 4.19: 3D schematic showing the bottom Au contact deposition.

(a)

FIGURE 4.20: 3D schematic showing the AuSn solder-tracks deposition.

Once the Au film was deposited, the final step was to deposit the AuSn solder-tracks. In
order ensure that a good contact between the two Au contacts, the thickness variation of
the Au contacts of the laser-bars have to be taken into account. Therefore, the thickness
of the AuSn deposited layer was ~770 nm which ensures contact for a minimum laser-
bar contact thickness of 2.7 um. A 3D schematic showing the deposition of the AuSn

solder-tracks is shown in Figure 4.20.

However, the single-layer lift-off process proved unsuitable as the AuSn layer stuck on
the substrate. To assist lift-off, ultrasonic bath was employed which resulted in the
delamination of a big part of the AuSn film leaving tiny chunks unsuitable for soldering.

A microscope image showing the failed lift-off of AuSn is shown in Figure 4.21.

To tackle the issue of the metal delamination and to ensure a lift-off of high quality with
clean metal sidewalls, a bi-layer lift-off process was employed. This was carried out using
LOR 5A lift-off resist that is based on the Polydimethylglutarimide (PMGI) platform.
This type of resist is well suited for a variety of critical lift-off processes. It was used
in combination with a conventional positive resist (in this case AZ 9260). First, LOR
5A was spun at 1000 rounds per minute to obtain a 1 pum thick layer and then baked
at 180 °C for 3 minutes. Then AZ9260 was spun using the same process as used in
the exposure of the previous layers, to obtain a combined resist thickness of 8 um. A

schematic describing the lift-off using a bi-layer resist stack is shown in Figure 4.22.

The recipe was first tested using a test wafer where a 1 um thick layer of Al was
deposited and lifted-off before processing the expensive Au. An SEM image showing the

cross-section of a 1 pum thick Al layer is shown in Figure 4.23.
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FIGURE 4.21: Microscope image of the substrate showing parts of the delaminated
AuSn film.

(a) Coating and pre-baking of LOR 5A b) Coating and pre-baking of AZ 9260
(c) Resist exposure (d) Development of AZ 9260 and LOR 5A. The latter

develops isotropically creating a bi-layer re-entrant side-
wall profile

(e) Metal film deposition. The re-entrant profile ensures (f) Lift-off bi-layer resist stack, leaving only desired film
discontinuous film deposition

FIGURE 4.22: Lift-off process using a bi-layer resist stack [189]
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FI1GURE 4.23: SEM image of the cross-section of a 1 pum thick Al layer using bi-layer
resist stack.

FIGURE 4.24: The FINEPLACER lambda sub-micron die-bonder used for precision
die attach and advanced chip packaging [190].

Once the recipe was verified, fabrication of a new wafer was carried out in which the
deposition of the Au bottom contacts and and AuSn solder tracks was carried out using

the new lift-off process.

4.3 Flip-chip bonding

Once fabrication of the substrate was carried out, flip-chip bonding of the laser-bars
followed. The tool used was the FINEPLACER lambda flip-chip bonder by Finetech
[190] (Figure 4.24). It is a die-bonder that exhibits a sub-micron placement accuracy

for precision die attach and advanced chip packaging.
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FIGURE 4.25: Schematic of the flip-chip bonder showing its principle of operation.

The process begins by placing the laser-bar face-down on top of the pre-fabricated sub-
strate that is face-up. A placement arm is used to pick the laser-bar so it can be
optically aligned with the substrate. A beam-splitter is used to obtain images of both
the substrate and the laser-bar and then superimpose them. A schematic describing
the principle of operation is illustrated in Figure 4.25. This image shows the relative

location of the components upon physically contacting them.

Calibration of the beam-splitter is initially carried out that will determine the placement
accuracy. This is achieved by using two transparent quartz slides each with markings
to allow a Vernier scale measurement when in contact with each other. The slides are
aligned using the beam-splitter and placed upon each other as if they were to be bonded.
The Vernier scales, visible through the quartz, then provide a direct measurement of
alignment as shown in Figure 4.26. Adjusting the beam-splitter is carried out by repet-
itively aligning, placing, measuring and adjusting until optimal alignment is achieved.
Depending upon the tool and type of alignment optics utilised, accuracies down to 0.3
pm with three-o conformity (>99.7%) have been demonstrated as a standard specifica-
tion by Finetech in an automated version of the tool, demonstrating the ability to scale

this laser integration technique for automated manufacturing.

To fully compensate for any roll error in placement from the rigid flip-chip mechanism
a single-axis gimballed placement head was used as shown in Figure 4.27. This ensures
the absolutely flat placement of the the laser-bar along the long dimension of the laser
bar. Precise alignment of the pitch is achieved by adjusting a screw on the placement
head and inspected by the side camera as shown in Figure 4.24. This does not eliminate

pitch error completely, but does reduce it to acceptable levels.

Visual inspection through the side camera on high magnification clearly shows a sub-
micrometre error across the width, allowing accurate alignment as shown in the overlay

image of the substrate and the laser-bar in Figure 4.28.
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FIGURE 4.26: Calibration glasses used for the calibration of the beam-splitter at high
magnification showing the Vernier scaled used for alignment.

Gimballed element

FIGURE 4.27: Schematic of the single-axis gimbal laser placement tool (rotating ele-
ment is illustrated in grey).

FIGURE 4.28: Overlay image of the substrate and the laser-bar showing sub-micron
alignment.
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FIGURE 4.29: Overlay image showing the bonded laser bar and a graph of the tem-
perature of the heated base as a function of time.
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FIGURE 4.30: 3D schematic showing an integrated laser-bar.

Once the the laser-bar and the substrate were aligned, they were brought to physical
contact using the placement-arm. Then, using the heated base of the flip-chip bonder the
AuSn solder between the Au metal contacts on the laser-bar and the substrate was heated
to reach its melting point at 280°C as shown in Figure 4.29. The bond achieved exhibits
low thermal budget, mechanical strength and excellent Ohmic properties between the

gold pads on the laser-bar and the substrate.

A schematic illustrating the final device is shown in Figure 4.30.
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FIGURE 4.31: L-I-V curve of a 2 mm long laser-bar measured before bonding (Data
provided by the university of Sheffield).

4.4 Experimental results and discussion

Laser-bars where pre-characterised prior to bonding in order for performance comparison
before and after bonding. This included both electrical and optical measurements from

which the L-I-V curve of the laser-bars was obtained as shown in Figure 4.31.

The voltage of the laser-bar was measured at 15 °C whereas the optical power was
measured at temperatures raising from 8 °C to room temperature ~20 °C. As observed
from the graph, the laser turn-or current was between 200 and 225 mA. The emitted

optical power was ranging from a minimum of ~25 to a maximum of ~ 35 mW.

Laser-bars of the same material were characterised once they were flip-chip bonded. The

results are shown Figure 4.32.

To investigate the yield of the electrical contacts, all of the lasers were measured across
the entire laser-bar. Figure 4.32 is showing the I-V curves for three lasers located at
different points on the laser-bar. From the graphs it can be seen that the electrical
contacts to the laser-bar demonstrated uniform current-voltage characteristics which
exhibited a yield for the electrical contacts of 100%.
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F1GURE 4.32: L-I-V curve of a laser-bar measured after bonding. Note the the optical
power curve corresponds to a laser-bar before bonding.

This high yield also demonstrated the accurate control of the deposited metal thick-
nesses and placement considering the tolerances regarding the required the excess solder
for good quality contact and the deposited metal thickness variation across the wafer.
Moreover, the I-V curves before and after bonding show an identical behaviour. The
difference in the graph shown in Figure 4.32 are due to the fact that the laser-bars mea-
sured before and after bonding were of different length (1.45 and 2.5 mm before and
after bonding respectively). The identical threshold voltage in both cases verifies the
identical electrical characteristics of the contacts. This indicates that no loss of electrical

power occurred due to the integration of the device.

The optical power measured through the grating coupler was measured to obtain the
optical characteristics of the integrated device. The measurements were carried out in
pulsed mode where pulses of f = 980 Hz and DC = 10% (up to 350mA, with 400 mA
shown) where used. Pulse generation was achieved using a QCL controller by Thorlabs
[179], that also has a Thermoelectric Cooler (TEC) for temperature control. A cooling

stage was used to cool the laser-bars down to a temperature of 20 °C.

The coupled optical power from the GOS waveguides was collected through a multimode
optical fibre via the grating coupler. The optical power was measured using the detector
and the lock-in amplifier described in to acquire the measured data. Light coupling

from the QCL was verified as power decreased by misaligning the fibre in respect to
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FIGURE 4.33: Measured optical power as a function of the laser current.

the grating coupler. To obtain a figure of the coupling loss, the optical power from a
QCL on a diced sample, where the GOS waveguides were removed, was measured as a
reference. The graphs for the coupled and the optical power emitted from the QCL are

shown in Figure 4.33.

The measured coupling loss was 25 dB at the point where the maximum coupled optical
power was obtained which corresponded to a laser current of ~300 mA. This coupling
loss is attributed to various mechanisms. As already mentioned in 4.2 the window layer
that defined the top of the supports and thus the z position of the laser, was overetched
by ~400 nm. According to simulations, this corresponds to a ~1 dB loss. The gap
between the laser and the taper facet as well as the placement misalignment of the
laser-bar laterally could not be determined as no alignment marks where designed for
that purpose. Taking into account that the placement accuracy of the flip-chip bonder
used is ~500 nm, this, according to simulations, corresponds to a coupling loss of ~0.7
dB. The laser-bar was placed such that the gap was minimised, however, a gap of 1 ym
would result in a a further loss of ~6 dB. Therefore, approximately 8 dB of coupling
loss emanate from the misalignment of the laser-bar with respect to the taper in all 3
axes. Once light was coupled to the passive GOS circuitry, it experienced propagation
loss and bend loss in the waveguide before reaching the grating coupler. However, due
to the lack of a light source emitting at 5.5 pm, the propagation loss and bend loss of

the waveguides could not be characterised. The next loss mechanism is associated with
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the grating coupler which had a simulated coupling efficiency of ~5.5 dB at 5.5 um.
Finally, an additional loss mechanism originates from the optical fibre that was used to
guide the optical beam to the detector to be measured. As the bending loss of the type
of fibre used varies substantially, the fibre could not be characterised. Therefore, this

12 dB loss is attributed to the uncharacterised components of the system.

4.5 Conclusion

QCL integration on GOS platform using flip-chip bonding at a wavelength of A = 5.5
pm has been demonstrated in this chapter. Initially, simulations were carried out to
evaluate the influence of misalignment on the coupling efficiency between the laser and
the waveguide, revealing that the coupling efficiency is more affected by misalignment in
the z-axis due to etch depth error than in the y-axis due to lateral misalignment. From
these simulation it was also observed that the gap between the laser and the waveguide

has a significant influence on the coupling efficiency.

Fabrication included multiple etch steps as well as metal deposition steps. The main
issue was to control the etch depth since it could not be monitored using conventional
elipsometry. Instead, the technique that was used was to manually remove portions of
the resist and then measure the thickness of the resist using profilometry. However,
this method was inaccurate, resulting in the final etch depth having an offset from the
initially desired value. An additional fabrication issue regarding the deposition of the
AuSn solder-tracks was the lift-off process. The first set of devices was fabricated using
a single-layer lift-off process that proved to be unsuitable. To overcome this issue, a
bi-layer lift-off process was employed resulting in a final layer of AuSn of good quality
without residues. Subsequent measurements showed that the electrical contacts to the
laser-bar demonstrated uniform current-voltage characteristics, which exhibited a yield
for the electrical contacts of 100%.

Flip-chip bonding of the laser-bars was carried out once the fabrication of the of the
substrate was completed. The main issue of this process was aligning the laser-bars
with the substrate in order to achieve the highest coupling efficiency possible. Optimal
alignment was ensured by carrying out a fine calibration of the beam-splitter that deter-
mines the placement accuracy, which can be down to 0.3 pm according to the standard

specification from the manufacturer.

Although the coupling efficiency achieved was not the optimal due to the issues described
in this chapter, these results are of great importance as they were obtained from the first
attempt. Coupling can be improved upon optimising the various fabrication processes
used to realise laser integration. Such a system is of fundamental importance for building
MIR sensors using an integrated light source at various wavelengths as this method allows

the use of various light sources that can be integrated with various passive platforms.






Chapter 5

Conclusions and future work

5.1 Conclusions

In this thesis suspended Ge waveguides, using Ge-on-SOI as the initial platform, have
been demonstrated. The first designs were carried out using a Ge thickness of 400
nm. Waveguides with a width of 1.1 ym and an etch depth of 250 nm were fabricated
and characterised at A = 3.8 pm. The propagation loss was measured before and after
the BOX removal to investigate how it is affected by the absorption of SiOs. The
propagation loss measured initially was 16 dB/cm, which decreased to 2.7 dB/cm once
the BOX was etched. Structures for the calculation of the bend loss were also included.
The initial bend loss was measured to be 0.13 dB. However, by removing the BOX,
the mechanical stability of the structure was reduced, which resulted in the bends to
collapse. Therefore, the bend loss of the suspended structures could not be measured.
The next designs that were carried out used a Ge thickness of 500 nm. Waveguides with
a width of 1.5 ym and an etch depth of 200 nm were fabricated and characterised at
the same wavelength. The measured propagation loss was 3.91 dB/cm. Based on these
results, the next step was to extend the operation wavelength to longer ones. The final
design was carried out using a thicker Ge thickness (1 ym). Waveguides with a width of
3.5 pm and an etch depth of 300 nm were fabricated for A = 7.67 ym. To demonstrate
an all-Ge waveguide the underlying Si had to be removed. To reduce etching time, the
Si layer of the SOI wafer, onto which the Ge layer was grown, was thinned down to 60
nm from the initial thickness of 220 nm. The first fabrication run was carried out using
SOI wafers provided by Simgui [171]. The BOX in these wafers was of inferior quality
resulting in a non-uniform etching profile which in turn caused many of the waveguides
to collapse due to reduced mechanical stability. In addition, this fabrication process was
proven to be unsuitable for processing Ge as it included a step for removing the resist
after every lithography step, that caused the oxidation of Ge. The oxidised Ge is soluble
in water resulting in defects that increase the propagation loss. To overcome both issues,

wafers with a superior BOX quality provided by Soitec [173] were used that exhibited a
121
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more uniform etching profile. Moreover, an additional fabrication step, that included the
deposition of a thin SiOy layer before spinning resist, was implemented. This resulted in
the protection of the Ge layer thus preventing the formation of defects. The propagation
loss measured for these waveguides was 2.64+0.3 dB/cm. The simulated optical mode
confinement of the fundamental TE mode at 7.67 pym in air was ~15% as opposed to
~2.5% in the GOS waveguides presented in [86]. In addition, by tailoring the air-gap
underneath the Ge layer by precisely controlling the etch time of Si, it was shown that
the standard SOI wafer with the 3 um thick BOX can be utilised at longer wavelengths.
These results showed that suspended Ge waveguides fabricated using Ge-on-SOI wafers
have the potential to be exploited throughout the entire MIR transparency window of
Ge and for sensing applications above 8 pum that is the transparency limit of Si. To
the best of my knowledge, at the time this was work was carried out, this was the
first demonstration of low-loss suspended Ge waveguides at such a long wavelength.
The next demonstration at such a long wavelength involved suspended Ge waveguides
with a subwavelength metamaterial lateral cladding that simultaneously provides optical
confinement and allows structural suspension [105]. Nevertheless, the propagation loss
reported is approximately twice as high than what is reported in this thesis (5.3 compared
to 2.6 dB/cm). Lastly, waveguides using a 2 ym thick Ge layer with a thinned Si layer
of 50 nm were designed for A = 9.5 ym. However, due to fabrication issues they were

not characterised.

Finally, in chapter 4, the process of integrating QCLs on a GOS platform using flip-chip
bonding was demonstrated. Laser integration can be realised using various approaches
as described in 2.3.4, each one exhibiting benefits and challenges. In this thesis, a
more conventional approach of bonding pre-fabricated lasers directly on a PIC with
the emitted light being butt-coupled into a waveguide was implemented. This so-called
hybrid integration approach where I1I-V lasers are integrated with group IV PICs enables
the use of optimal materials for the development of each component. Coupling these
as a back-end process enables the fabrication of these devices in existing dedicated
production facilities separately. This allows for the independent characterisation of
each component, increasing final yield. The light source and PIC can subsequently
be integrated at an isolated location thus eliminating any contamination to the main
fabrication facilities such as between group IV and III-V elements which are dopants
to each other. The work presented in this thesis demonstrates the integration of QCLs
operating at a wavelength of 5.5 pum, that were provided by the university of Sheffield,
using flip-chip bonding on 3 pm pre-processed GOS samples. Light from the QCLs
was butt-coupled to rib waveguides and subsequently to an optical fibre using grating
couplers. Simulations have been carried out to evaluate the effect of lateral and vertical
misalignment on the coupling efficiency. It was observed that the coupling efficiency was
more affected by misalignment in the vertical direction due to etch depth error than due
to lateral misalignment. In fact, an etch depth error of 2.4 yum resulted in a reduction in

the coupling efficiency by 50%. On the other hand, the same reduction in the coupling
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efficiency was caused by a 6 um lateral misalignment. The simulation results also showed
that due to the beam divergence of the laser mode, the gap between the laser and the
taper should be minimised in order to maximise coupling efficiency. In fact, 1 pym of
gap resulted in a reduction in the coupling efficiency of 77%. To couple light out of the
waveguide and into the optical fibre, a novel grating coupler design with a high coupling
efficiency was utilised that was comprised of a few diffractive elements with and an
antireflective element for minimised back-reflections. The simulated grating coupler was
optimised for A = 5.5 um and exhibited a coupling efficiency of 30%, a radiation of
0.01%, a substrate leakage of 61.3% and a low reflection of 0.04%. However, due to the
lack of a light source at this wavelength, the grating couplers were not experimentally
tested prior to implementation in the final device. To ensure that the transmission
measured during characterisation of the device is light coupled to the waveguide rather
than mode coupled through the slab directly from the QCL, bends were used after the
taper, guiding the coupled mode away from the emission axis of the QCL. The bending
radius was selected to be 250 pm to ensure minimal bend loss. Once the modelling
of the device was completed fabrication followed, which included three etch steps and
two metal depositions. The etch steps were of large depth (>6 um), therefore they had
to be initially tested using test wafers. The results showed a vertical etching profile
and a good material to resist ratio. Upon developing the fabrication processes for the
deep etching of Si, the wafer underwent the first etch step that defined the window
that would house the whole laser bar and define the top part of the supports, onto
which the laser bar will be placed. Due to the lack of another layer underneath the Si
substrate, the etch depth could not be evaluated using ellipsometry. Instead, small areas
of the resist were manually stripped using acetone and then the profile was measured
using profilometry. This however was an inaccurate method of measuring the etch depth
leading to overetching the substrate resulting in vertical misalignment between the laser-
bar and the waveguide. The second etch step defined the supports, onto which the laser
bar will subsequently be placed. The supports are strips, onto which the substrate of the
laser is supported. The etch step defining the trench was eliminated as it was decided to
be redundant due to the already high volume of free space formed by the previous etch
steps. Once all the etch steps were carried out, the deposition of the Au bottom contacts
followed. Since the metal thickness was high, the lift-off recipe was developed using test
wafers where Al was deposited instead of Au to reduce cost. Once the bottom contacts
were deposited, the final step was to deposit the AuSn solder-tracks for contacting the
bottom contacts on the substrate with the contacts on the laser-bar. However, the lift-
off process did not perform as planned, which resulted in chunks of AuSn to stick on the
substrate. To remove these chunks, the wafer was placed in a bath and ultrasonication
was used to enhance lift-off. However, this resulted in the removal of most AuSn solder-
tracks as well. To prevent this from happening in a subsequent fabrication run, a bi-layer
lift-off process was implemented, which resulted in very high yield. A new fabrication

run was used by implementing the new lift-off process. However, the window layer was
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overetched by ~400 nm. In this fabrication run, the combined thickness of the Au and
the AuSn to ensure contact, had to be >3.25 ym. Having to deposit such a thick metal
layer would increase the cost dramatically. Therefore, a ~2 um thick SiOy was deposited
on the Si substrate prior to metal deposition. Once fabrication was completed, the wafer

was diced into 15x20 mm?

samples and were prepared for bonding. This was carried
out upon aligning the laser-bars to the PIC and then by heating the substrate to the
melting point of AuSn (280°C), a strong bond between the two Au contacts was formed.
Laser-bars were characterised prior to bonding to investigate bonding quality. From
the obtained I-V curves it was observed that the electrical contacts to the laser-bar
demonstrated uniform current-voltage characteristics, which exhibited a yield for the
electrical contacts of 100%. The emitted optical power was ranging from a minimum of
~25 to a maximum of ~35 mW. Laser-bars of the same material were characterised once
they were flip-chip bonded and the measured coupling loss was 25 dB at the point where
the maximum coupled optical power was obtained, which corresponded to a laser current
of ~300 mA. This coupling loss is attributed to various mechanisms. The window layer
that defined the top of the supports and thus the z position of the laser, was overetched
by ~400 nm. According to simulations, this corresponds to a ~1 dB loss. The gap
between the laser and the taper facet as well as the placement misalignment of the
laser-bar laterally could not be determined as no alignment marks where designed for
that purpose. Taking into account that the placement accuracy of the flip-chip bonder
used is ~500 nm, this, according to simulations, corresponds to a coupling loss of ~0.7
dB. The laser-bar was placed such that the gap was minimised, however, a gap of 1 ym
would result in a a further loss of ~6 dB. Therefore, approximately 8 dB of coupling
loss emanate from the misalignment of the laser-bar with respect to the taper in all 3
axes. Once light was coupled to the passive GOS circuitry, it experienced propagation
loss and bend loss in the waveguide before reaching the grating coupler. However, due
to the lack of a light source emitting at 5.5 pm, the propagation loss and bend loss of
the waveguides could not be characterised. The next loss mechanism is associated with
the grating coupler which had a simulated coupling efficiency of ~5.5 dB at 5.5 um.
Finally, an additional loss mechanism originates from the optical fibre that was used to
guide the optical beam to the detector to be measured. As the bending loss of the type
of fibre used varies substantially, the fibre could not be characterised. Therefore, this
12 dB loss is attributed to the uncharacterised components of the system. Despite the
fact that the coupling efficiency is low, to the best of my knowledge, this is the first

demonstration of laser integration on a Ge-based platform in the MIR.

5.2 Future work

In chapter 3 the suspended waveguides presented were all based on the rib waveguide

geometry. This is favourable in terms of achieving a low propagation loss as the main
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loss mechanism is the roughness at the waveguide sidewalls. However, at such long
wavelengths, scattering becomes negligible, as it is proportional to ~ A*. Therefore, in
order to make fabrication simpler, a new design based on the subwavelength cladding
(as described in [74]) can be implemented. In addition, to be able to characterise these
waveguides at wavelengths as long as 9.5 um, the grating couplers should also be sus-
pended as the absorption due to the underlying Si and especially SiO2 becomes very
high. New grating couplers will have to be designed in order for these waveguides to
be characterised. Moreover, to fully exploit the entire transparency window of Ge, this
approach can potentially be followed to design waveguides for even higher wavelengths

up to 14 pum by creating a sufficient air-gap to minimise losses due to substrate leakage.

As for the integration using flip-chip bonding, the GOS samples will have to be refab-
ricated using wafers of higher quality, to ensure low propagation loss. Moreover, a new
process for the more precise control of the etch depth will have to be implemented in
order to minimise misalignment thus achieving optimum coupling efficiency. In addition,
due to the high refractive index contrast between Ge and air (An~3), high reflections
are caused at the Ge-air interface. To tackle this issue, an antireflective coating with a
refractive index between that of Ge and air can be used in a similar manner to what
has been demonstrated in [188]. Furthermore, wavelength tunability is very desirable
for increasing the functionality and the flexibility of an integrated laser. To enable this,

a Vernier racetrack resonator tunable filter can be used as demonstrated in [191].

To evaluate how an integrated laser source can be employed for MIR absorption spec-
troscopy, it can be used to develop a PIC for trace-gas sensing applications in which
MIR radiation directly interacts with the targeted analyte. A potential gas that can
be targeted is CHy4, which exhibits high absorption in the 7-8 um wavelength region.
Since that QCLs can be developed to emit light in that wavelength region, they can be
integrated with the suspended Ge platform in order to realise an integrated MIR optical

CH, sensor in a similar fashion with the gas sensor demonstrated in [40].
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