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Abstract

High data transmission speeds, high levels of integration, and low manufacturing
costs have established Si photonics as a crucial technology for next-generation data
interconnects and communications systems. It involves a variety of components
including light emitters, photodetectors, amplifiers, waveguides, modulators, and more.
Because of its indirect bandgap, silicon is unable to serve as an efficient light source
on a chip, hence this has been one of the formidable challenges. Within the framework
of the monolithic approach, this thesis presents the study of two essential aspects of
this challenge, the optimisation of buffer layers and development of light sources, by
incorporating and improving different systems of Group IV thin films and IlI-V quantum
dots (QDs) semiconductor materials.

The monolithic approach focuses on the direct epitaxial growth of highly efficient
light sources, usually by the epitaxy of 1lI-V semiconductors lasers on a single Si chip.
However, because of the material dissimilarities between 111-V materials and Si, during
the heteroepitaxy, a high density of crystalline defects such as threading dislocations
(TDs), thermal cracks and anti-phase domains are introduced, severely impeding the
performance and yield of the laser. For instance, TDs act as non-radiative
recombination centres, while thermal cracks cause issues with the efficient
evanescent coupling of the emitted light with Si waveguide. To address these defects,
typically complex buffer growth techniques with micron-scale thickness are employed.

The research in this thesis is divided into two parts, namely buffer layer optimisation
and light source development. Each part outlines alternative strategies for overcoming
the above-mentioned hurdles for monolithic growth. The first part highlights the
optimisation of buffer layer growth to reduce threading dislocations for the monolithic
integration of high-performance direct-bandgap 1l1-V and group IV light sources on Si.

The growth optimisation of low defect-density Ge buffer layers epitaxially grown on
Si was first investigated. Defect elimination in Ge buffers with doped and undoped
seed layers of increasing total thickness is studied under a variety of growth regimes,
doping techniques, and annealing processes. This study demonstrates that a 500 nm
thin Ge achieves the same defect level (1.3 x 108 cm ) as 2.2 em GaAs grown on Si,
which greatly increases the thickness budget for the subsequent dislocation filter

layers (DFLs) and laser structure growth before the formation of thermal cracks.
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Meanwhile, a low threading dislocation density of 3.3 x 107 cm 2 is obtained for 1 em

Ge grown on Si.

The second part places emphasis on the development of light sources in the near-

infrared wavelength range for Si photonics.

1)

2)

The development of GeSn, an emerging direct bandgap light source for Si
photonics, is shown, which has wide bandgap tuneability and full compatibility
with Si complementary metal-oxide semiconductor (CMOS). Growing the high
Sn composition of GeSn required for efficient light generation is challenging
and its growth generally severely affected by large surface roughness and Sn
segregation. In this work, first, ex-situ rapid thermal annealing for the grown
GeSn layer is investigated, showing that by proper annealing the strain can be
relaxed by 90% without intriguing Sn segregation. This method shows its
potential for both material growth and device fabrication. Besides, strain
compensated layer and in-situ annealing techniques have been developed.
Significantly improved surface quality has been confirmed by in-situ reflection
high-energy electron diffraction (RHEED) observations and atomic force
microscopy (AFM) images. Transmission electron microscopy (TEM) results
reveal the high crystal quality of the multiple quantum wells (MQWSs) grown on
such buffer layers.

The final section details the development of InAs/InP QDs emitting near the
strategic 1.55 ¢m, the lowest optical fibre loss window. The InAs/InP QDs
growth is prone to inhomogeneous quantum dash morphologies which broaden
the photoluminescence (PL) spectra and degrade the carrier confinement.
Research has been conducted on growth parameters and techniques including
deposition thickness, growth temperature and Indium-flush technique is applied
to improve the uniformity of the dots, and narrow room temperature PL
linewidths of 47.9 meV and 50.9 meV have been achieved for single-layer and
five-layer quantum dot samples, respectively. The structures enable the
fabrication of small footprint microdisk lasers with lasing thresholds as low as
30 eW.
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Impact Statement

Research on Group-1V thin films and I11I-V QD semiconductor materials presented in
this thesis has enabled establishment of optimal material parameters for the monolithic
integration of efficient light sources on Si for Si photonics. Si photonics is the key for
achieving optical interconnections. The very-large-scale-integration in Si photonics
allows the integration of both electronic and photonic devices on a single chip,
featuring low-cost and mass production. Multifunctional photonic devices can be
integrated on a single chip by utilising resources of well-established Si
microelectronics industry.

The research in this thesis would have a significant impact on the monolithic
integration of Si photonics. The realisation of thin low-defect-density Ge/Si provides a
feasible platform for both IlI-V and Group-1V-based semiconductor devices to be
integrated on Si. The thin buffer layer thickness potentially avoids the formation of
thermal cracks fatal to device performance and allow for more space for the growth
optimisation of upper active region material. The investigations of the thermal stability
and the novel growth technique developed for GeSn will have an impact on the
development of all-Group-IV optoelectronic devices integrated on Si. GeSn is an
important material for Si photonics because it can be a direct-bandgap material and
the bandgap can be tuned into mid-infrared (mid-IR) range by composition or strain
variation, allowing plenty of manipulation potential. Availability of low-cost, high -
performance mid-IR lasers and photodetectors would have important impact on
developments in materials processing, biochemical, chemical industries. The
realisation of highly-uniform C-band InAs/InP QDs presents outstanding advantages
on carrier confinement, temperature stability and tolerance to defects, and will find
wide range of applications in long-haul communication, eye-safe LiDARs for
automotives and sensing applications. The demonstrated long-wavelength lasers with
a low threshold and ultracompact footprint can impact in integrated gas detection and

highly localized label-free biological and biochemical sensing.
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Chapter 1.

Introduction

1.1 Silicon Photonics

The worldwide internet penetration and network capacity have expanded
exponentially over the last years. It is predicted that by 2023, nearly two-thirds of the
global population will have Internet access and half of all connected devices will be
used for Machine-To-Machine (M2M) applications, with connected home applications
accounting for the largest share, and connected car applications growing at the fastest
rate [1, 2]. An extraordinary amount of nearly a thousand zettabytes data will be
generated by all people, machines, and things per year [3]. Under this development of
the unprecedented expansion in demand for the data transmission, traditional copper
interconnects will be no longer sufficient to fulfil the requirements of data throughput
from the essence of copper6 s i nher e nt can ontytrananit iheimforntatioa t
carried by the movement of electrons. In copper interconnects, the presence of cross-
talk, frequency-dependent propagation loss, and return loss significantly impedes the
data transmission rate and scaling flexibility [4]; moreover, power dissipation through
heat generation is inevitable, which on the one hand increases the power consumption
in the data centres, and on the other hand introduces additional cost for energy loss

and requires more space for cooling systems. In contrast, optical interconnects entail

1



the development of optoelectronic transceivers for generating data for transmission,
receiving or converting them to electronic data for storage in the chip or processing [5]
with a very low loss [4]. To some extent, this could be perceivable from the fact that
the loss for a single-mode fibre is merely ~ 0.4 dB/km and 0.25 dB/km at 1.3 em and
1.55 em, respectively [4]. In addition to minimal signal loss, optical interconnect is also
intrinsically appropriate for multiple channel data transmission thanks to the wealth of
information types that light can convey within a single optical fibre, such as different
wavelengths, modes, and polarisations. With the help of wavelength division
multiplexing and de-multiplexing, coexistence of multiple channels can be supported
within the same fibre, allowing for channel-specific material savings while concurrently
enhancing data throughput. High-speed modulation is another advantageous feature
of optical interconnects realised by the ultra-low carrier recombination lifetime [6]. As
a result, optical fibres that link chips, data centres, core networks, public clouds and
mobile access points across local areas have become the backbone ofth e t o
communication network infrastructure.

However, as opposite to the well-established Si-based electronics technology that
can streamline billions of cells into a single chip, photonic devices are usually discrete
components that requires sequences of fabrication. To fully capitalise on the optical
interconnects as well as the maturity of the Si-based electronics mass-production
platform, Si photonics has emerged and is rapidly developing [7, 8]. Si platforms not
only present commercial benefits in terms of large wafer size, volume throughput and
cost reduction, but they are also advantageous in their native oxide SiO2, which
provides excellent refractive index contrast and high-quality interface, essential for the
strong optical confinement [9]. Additionally, Si substrates are superior in heat
dissipation.

The term fSi photonicso refers to the practise of integrating different photonic
components such as light emitters, photodetectors, amplifiers, waveguides,
modulators, and more, all on a single silicon-on-insulator (SOI) platform partially or as
a whole, where the fabrication infrastructure is highly accurate, robust and compatible
with CMOS technology [8]. Indeed, the high data transmission rates, high levels of
integration, and low manufacturing costs have established Si photonics as a crucial
technology for next-generation data interconnects and communications systems [6].

As the surge of interests in Si photonics being driven by both academia and industry,
the past three decades have witnessed its significant advancement in the majority of
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the discrete critical components, including high-bandwidth photodetectors [10], ultra-
fast modulators [11] and low-loss waveguides [12]. The viability of commercial
solutions, such as 100Gb/s transceiver, have been successfully proven by pioneering
companies [13]. However, an efficient electrically pumped Si-based light source
remains the last missing piece in Si photonics, which is a challenging gap to fill given
the indirect-bandgap nature of the widely used Si and Ge in integrated circuits. As
indirect bandgap materials, the conduction band minimum is not aligned with their
valance band maximum. In this case, when generating a photon by carrier
recombination, an extra particle is needed to carry the excess momentum from the
perspective of momentum conservation law, rendering the process inefficient. To
achieve efficient, integratable Si-based on-chip light sources, mainly two key types of
attempts have been made:

1. Manipulating the methods of light-generation of the significant group-IV
semiconductor Si and Ge. Both have been used extensively in photonic integrated
circuits (PICs). In patrticular, the lowest energy L-valley of Ge is only 136 meV lower
t h a n -valleys herice research on the latter has concentrated on band structure
engineering. In this vein, successful demonstrations include Si Raman lasers, Ge and
GeSn lasers. Although an electrically pumped Ge laser has been realised on Si via
heavy n-type doping, it presents a high lasing threshold of 280 kA cm? owing to losses
imposed by free carriers at high doping level and also driven by interactions with
electrical contacts [14]. Alloying with Sn to achieve direct bandgap is another
promising approach for realising efficient light emitters on Si. Followed by the first
demonstration of GeSn laser in 2015, which has a high lasing threshold of 325 kA cm-
2 [15], soon in 2020, a successful demonstration of electrically-pumped GeSn laser
could operate at 100 K with a three orders of magnitude decrease of lasing threshold
of 598 A/cm? at 10 K compared with that of the first Ge laser [16]. Although the laser
performance is not yet at the level required for the practical applications in PICs, the
emergence and development of these group-1V lasers opens a new pathway towards
low-cost, monolithically integrated, Si-based optical components with a wide scope for
advancement. A detailed literature review on group-1V lasers will be presented in
section 1.3.

2. In stark contrast to Si and Ge, direct-bandgap IlI-V compound semiconductor
materials such as InAs, GaAs and InP, show inherent superiorities in light generation.

Consequently, the employment of 1lI-V light sources for Si photonics is a natural
3



consideration for academia and industry. So far, a number of approaches have been
implemented to achieve high performance of monolithic integration of 11I-V materials
on Si platform with a capability of low-cost and high scalability. One of the earliest and
relatively well-developed approaches is photonic integration on a silicon-on-insulator
(SOI) platform, where an external IlI-V laser is coupled to the photonic chip and
interacts with other devices created from Si device layers, for instance, with selectively
grown Ge functioning as photodetectors [17]. Numerous foundries have been able to
deliver rather complete suites of technologies established on this platform, including
IMEC, AIM Photonics, Global Foundries, etc. [18]. Such monolithic Si photonic
integration with an external light source features high-performance passive devices as
well as laser sources, presenting a sophisticated level of integration with a high yield,
and benefiting from the testing and packaging of Si PIC. Simple photonic packaging
design kits have already been adopted at a software level and the packaging design
rules are expected to be extended and formalised into standards and rolled in to the
design rule checking at Si-foundries over time [19]. However, the overall performance
is not only dependent on the individual components. Even if a decent die can be
applied as a light source, coupling losses can significantly impede the circuit efficiency
in general. Taking into account the laser-to-fibre losses and fibre-to-SOI coupling
losses, a typical value of 21 8 dB will be introduced for off-chip lasers connected to Si
photonic chips, which is significantly higher than on-chip light sources such as
heterogeneously integrated lasers via wafer bonding or transfer printing, as well as IlI-
V lasers grown epitaxially on Si [18]. In addition, the separate processes for PICs and
laser, redundant testing before and after the attachment of the off-chip laser, and the
requirement of hermetic packaging and isolator make this solution less favourable in
the long term.

On-chip light sources made possible via a variety of bonding processes and transfer
printing represent alternatives, each with its own benefits and shortcomings. This
approach, also known as heterogeneous integration, entails the epitaxial development
of highly efficient IlI-V lasers on their native substrates, followed by the transfer of the
lasers, detached from the native substrates, and attached to SOI or Si (by bonding or
transfer printing). The implementation of wafer-bonding to realise Si-based lasers
dates to early times. Initially, the roadblock of wafer bonding is the adhesion issue in
a regime where the thermal budget for integration process should not exceed 400 °C
considering the compatibility with very-large-scale integrations (VLSI). Therefore, it
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was not until 1996 that continuous-wave CW electrically-pumped InGaAsP lasers
were successfully built on Si substrates via direct wafer bonding with improved
adhesion brought by pressure-assisted low temperature annealing [20]. In 2005, nine
years later, the first evanescently coupled optically pumped C-band laser was enabled
in SOI substrate by low temperature oxygen plasma assisted wafer bonding [21]. The
cross-sectional device structure is shown below in Figure 1-1 (a). The optical gain of
the InAlGaAs quantum wells (QWS) is primarily preserved by the low temperature
annealing process and, owing to the reduced vertical distance between the QWs and
Si waveguide, the light lasing from former can be evanescently coupled to the latter.
Only one year later in 2006, the first electrically pumped evanescent AlGalnAs
continuous-wave laser was integrated on Si by the same group, as shown in Figure 1-
1 (b) [22]. With laser cavity solely defined by the Si waveguide, hundreds of electrically
driven lasers can be bonded to the Si substrate with a single bonding step. Developed
lately, transfer printing is a micro-manipulation technique employed for heterogeneous
integration [23]. This technigue essentially necessitates the pre-processing of the IllI-
V components, i.e. the naming of ftouponsg which are then picked and placed on the
target substrate by an elastomeric stamp [23, 24]. There is a direct correlation between
the rate with which the stamp is removed from the coupon, and the strength of the
adhesion formed between the two. The faster the movement, the stronger the bond
[24]. The illustrative diagram for a typical transfer printing technique of an IlI-V coupon
integrated onto an SOI substrate is presented in Figure 1-2. Thanks to the capability
of the transfer in parallel and the flexibility of in-plane movement, 11I-V lasers can be
aligned directly on the Si window of the SOI substrate to ensure superior thermal
dissipation. The coupon is generated by processing the lasers on native IlI-V
substrates, which allows for a significant reduction in the amount of source material.
On the other hand, it is conceivable to systematically integrate a range of active or
passive components from many substrate sources onto the same target substrate.
However, in general, heterogeneous integration suffers from two main issues that
offset its benefits: (1) The implementation of IlI-V wafer dicing and bonding raises the
total cost; (2) the throughput of the bonding lasers affects the entire package [18].
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Figure 1-1 (a) Cross-sectional device structure of evanescently coupled laser on SOI substrate enabled by wafer
bonding [21]. (b) Schematic illustration of the electrically-driven hybrid laser structure achieved by wafer bonding
with the optical mode superimposed [22].
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Figure 1-2 Cross-sectional illustration of 11I-V coupons transfer printed directly on the Si window in the SOI substrate
[24].

A potential solution to the aforementioned challenges is epitaxial growth of 1l1-V on
Si or SOI substrates, which offers the advantages of cost-effectiveness and
comparable or even better device performance. When compared to bonding (or
transfer printing) approach, it further benefits from the following: 1) it eliminates the
active-passive coupling loss inherent in the complex bonding fabrication and
alignment processes in heterogeneous integration; 2) the cost of Si wafers is an order
of magnitude less than that of their 11l-V counterparts; 3) silicon has a larger wafer size
that facilitates scaling demands, both shown in Figure 1-3. SOl substrate is
approximately ten times more expensive than Si substrate, but the advantage lies in
that it provides a solution for the efficient, on-chip light coupling with the Si waveguide
and high-density integration. Furthermore, the thermal dissipation can be improved by
depositing the IlI-V laser on the Si window of the SOI substrate. Over the last two
decades, the efficiency and reliability of Si-based epitaxial lasers have improved
considerably [14, 25]. More recently, researchers have shifted their focus further
forward to the IlI-V lasers on Si coupling with Si-based waveguides for future scalable,
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low-cost, and high-density photonic integration. Figure 1-4 shows a cutting-edge
electrically pumped IlI-V laser that was epitaxially built on a SOI substrate with edge
butt-coupled waveguide for efficient light coupling [26]. It is foreseeable that, as a
result of these research advances, the epitaxial growth of IlI-V on Si substrates is likely

continuing to thrive in terms of device performance and large-scale integration.
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Figure 1-3 A comparison of substrate costs and maximum available sizes [27].
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Figure 1-4 (a) Epitaxial structure of the IlI-V laser; (b) Schematic diagram of the Ill-V laser edge-coupled with Si
waveguide on a SOI substrate [26].

1.2 The heteroepitaxy of IllI-V Materials on Si
1.2.1 Overview of challenges of growing high-quality 111-V materials on Si

The epitaxial growth of I1lI-V material on Si remains challenging because of the
material dissimilarities between them, mainly: 1) the growth of a polar material on a

non-polar substrate, which can generate antiphase boundaries (APBSs); 2) the large
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lattice mismatch between Si and IlI-V materials, which leads to the formation of high
density (in the range of 101° cm?) threading dislocations (TDs); 3) different coefficients
of thermal expansion that lead to the accumulation of thermal stress during the warm-
up and cooling processes of the growth, which may ultimately result in the formation
of micro-cracks. These crystal defects will act as non-radiative recombination centres
depleting carriers for lasing, and therefore should be diminished to the largest extent
for the development of high-performance IlI-V devices on Si. The formation of these
crystal defects as well as methods to eliminate them are included in the following parts
of section 1.2.
1.2.2 Antiphase boundaries

APBs are planar crystal defects appeared in the heteroepitaxial growth of IlI-V
materials on Si, which originate from the polar growth on nonpolar substrates in
essence. For Si atoms in a crystalline Si structure, the most stable state is achieved
when each Siatom is boned to four other Si atoms with two above and two below itself.
However, surface Si atoms are not in the most energetically favourable state as they
lack two atoms above to bond. Adjacent Si atoms thus bond with each other to reduce
the number of unfulfilled bonds. They are pulled towards each other and leave the
diamond lattice positions during the dimerisation. Rows of Si atom pairs on the surface
are called dimer rows. For an exact Si (001) substrate surface, it generally reveals a
mono-atomic stepped (also called single-layer steps) morphology because it has the
lowest formation energy [28]. Because of the symmetry of the diamond structure, the
terraces consist of alternating A-type straight steps and B-type ragged steps, running
perpendicular and parallel to the dimer rows of the upper terrace, respectively, and
corresponding to the different sublattices of the diamond structure [29, 30]. An
illustrative demonstration of the two types of single-layer step is shown in Figure 1-5.
Open circles denote Si atoms with unfulfilled bonds and shaded circles are fully fulfilled
Si atoms. Atoms from the upper terrace are assigned with larger circles. Figure 1-5 (a)
represents the configuration of A-type single-layer step (Sa), where the step edge is
perpendicular to the dimer row in the upper terrace. This dimer row alignment is called
a (2 x 1) dimerisation. Figure 1-5 (b) depicts B-type single-layer step (Ss) with step
edge parallel to upper terrace. This is called a (1 x 2) dimerisation. An AFM image of
an on-axis Si (001) surface presenting alternative straight Sa and meandering Ss
single steps is shown in Figure 1-5 (c). The schematic diagram of 2 x 1 and 1 x 2

dimerisations on Sa and Ss terraces are shown in Figure 1-5 (d).
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meandering Ss single steps. (d) A schematic diagram of 2 x 1 and 1 x 2 dimerisations on Sa and Sg terraces,
respectively [31, 32].

On the other hand, zinc-blende structure IlI-V materials such as GaAs and InP are
two atom systems where the sublattices are occupied by different atoms. At the step
edges, the change in atom arrangement results in the initialisation of APBs. An
illustrative figure showing the formation of APBs of GaP grown on Si (001) substrate
as an example can be seen in Figure 1-6(a). APBs consisting of IlI-1ll bonds and/or V-
V bonds formed in the {111} and {110} are commonly found in IlI-V heteroepitaxy on
non-polar substrates, although the formation of these bonds are energetically
unfavourable [30]. Therefore, the generation of APB usually happens when depositing
polar 111-V materials on non-polar Si or Ge (virtual) substrates, not necessarily the other
way around. The APB annihilation is possible when two APBs in the {111} plane cross
each other, as can be seen in Figure 1-6(a). In other cases APBs can also propagate
in the original {110} plane or higher index planes such as {112} and {113} planes [33]

in the mid-temperature and high-temperature growth stage, then either annihilate or
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reach the surface. The surface morphology of APBs terminating at the surface
characterised by AFM is shown in Figure 1-6(b). It demonstrates that the surface is
divided by different domains enclosed by APBs, where these domains are called
antiphase domains. In figure 1-6(c), the cross-sectional TEM image shows self-
annihilated and propagating APBs to the surface in a 1 e m thick GaAs grown on exact
Si (001). The HlI-1I1 and V-V bonds in APBs are electrically charged crystal defects that
act as electric leakage path, therefore is extremely detrimental to the device
performance. Indeed, the existence of APBs potentially prevents the function of the

devices decisively.

AT A
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Monostep on Si (001) surface

Figure 1-6 (a) An illustrative image of the formation of APBs on mono-stepped Si (001) substrate [29]; (b) 5 em x
5 em AFM image of 500 nm GaAs grown on exact Si (001) substrate, showing APB morphology reaching the
surface and (c) Cross-sectional TEM image of 1 em GaAs grown on exact Si (001) substrate, revealing the
annihilated and propagating APBs towards the surface [34].

To avoid the formation of APBs, misoriented-Si substrates with an offcut angle of 4°
or slightly larger are implemented widely, as single domain double-atomic steps are
energetically favourable to be reconstructed on the offcut surface [28], which is
primarily effective in APB annihilation. High performance l1lI-V lasers have been
successfully demonstrated on such offcut Si substrates [25, 35, 36]. However, exact
Si (001) substrates are preferred technologically over offcut substrates as they are
CMOS compatible and standard for photonic integration [37]. As a result, recent years
have witnessed the growing research interest in realising high quality 1lI-V materials
grown on on-axis Si (001) substrates. Most recently, Li et al has developed a high-
temperature-annealing-induced periodic straight and meandering single atomic height
steps Si buffer layer effective for the annihilation of APBs based on which electrically
pumped quantum-dot (QD) laser has been successfully demonstrated with a

maximum operation temperature of 120 °C [34]. Shortly after that, the mechanism
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behind the APB annihilation of this method with improved growth procedures was
introduced by Yang et al [38]. Apart from the high-temperature-annealed Si buffer layer,
a low-temperature AlGaAs nucleation layer and a temperature-ramp GaAs growth
procedure are performed to help further enhance the annihilation process. The
temperature increase during the GaAs growth encourages the neighbouring high
index plane APBs to move towards and then annihilate with each other because of the
different growth rates of the distinct GaAs phases [38].
1.2.3 Micro-cracks

Another common type of crystal defect in heteroepitaxy is thermally induced micro-
cracks Because of the huge thermal expansion coefficient mismatches between the
deposited material and the substrate, e.g., 5.73 x 10%°Ct and 2.60 x 10°°C™ for
GaAs and Si, respectively, thermal strain will be generated and stored in the epilayers
during the cooling process, and eventually lead to the formation of micro-cracks.
These micro-cracks generate new surfaces and greatly relax the local thermal stress
in the epitaxial film [39]. Figure 1-7 (a) and (b) show the plan-view electron channelling
contrast images (ECCI) of a typical InAs/GaAs quantum dot laser structure grown on
a Si substrate with GaAs buffer layers and dislocation filter layers of a total thickness
of 5.8 ¢ m Orthogonal microcracks can be easily observed across the surface with
spacings of several tens of microns. These microcracks penetrate the whole active

region vertically, depleting carriers for lasing and therefore are fatal to device

performance.

Figurel-7. An example of cracks formed in a typical INnAs/GaAs quantum dot stack including GaAs buffer layers and
di slocation filter | ayers on Si. The total thickness is 5.
images of such surfaces.

As the critical thickness for thermally driven micro-crack formation is closely related
to the extent of thermal mismatch, from the theoretical and experimental work

previously, the critical value for GaAs gro
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structure design for the buffer layers and optoelectronic devices therefore has to
control the overall thickness to avoid the micro-crack formation [40]. In addition,
reducing the cooling rate from the growth conditions can potentially dilute the
concentration of stress. Other methods such as growing strain-balance buffer layers
have also been attempted and gained some success, but not well explored so far [41].
1.2.4 Misfit Dislocations and Threading Dislocations (TDs)
1.24.1 The Formation and Interaction of TDs

In the heteroepitaxy of lattice mismatch materials, the existence of dislocations
originates from the periodic nature of the crystalline structure as the overlying epilayer
replicating the crystal structure including any defects that cross the original surface of
the layer [42]. When a crystalline material different from the substrate is grown, within
a certain thickness, whichisnamedas é cr i t i ¢ a |the tddpaositet matesiad i6
coherently strained to match the substrate lattice parameter as it has insufficient
elastic strain energy to produce any dislocations, as schematically shown in Figure 1-
8 (a). However, above this critical thickness the formation of misfit dislocations is
energetically preferential to relax some of the misfit strain in the layer (Figure 1-8 (b)).
The most common two types of misfit dislocations are 60° dislocation and pure edge
dislocation. As the name suggests, 60° dislocations have a Burgers vector lying at 60°
to the <110> line direction and pure edge dislocations have Burgers vector lies in the
interface at a right angle to the dislocation line direction. Once the dislocations are
formed, climb and glide are the two ways for them to move [42]. Climb involves the
addition or removal of atoms at the dislocation core and only happens to a significant
extent at temperatures close to the melting point of the material. In contrast, glide
conserves the lattice and takes place on planes containing the Burgers vector, and
can happen at relatively lower temperatures, therefore is more important in the growth
of strained semiconductor layers. In addition, because of the strongly directional
bonding between atoms, there exists a barrier (Peierls barrier) for dislocations to glide,
resulting in the frequent occurrence of certain dislocation line directions, such as <110>
or <112>, as few bonds need to be broken per unit length of dislocation. In
semiconductor materials with a face-centred-cubic lattice, usual glide planes are {111}
planes. The (a/2) [0p1l] components of the 60° dislocations can easily propagate with
a threading segment on {111} plane, therefore are called glissile dislocations. The
threading segments of 60° dislocations are called TDs. For pure edge dislocations
whose Burgers vector are not aligned in {111} plane, the Peierls barrier is so high that
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except for moving through climb they may be regarded as sessile dislocations. This
also means pure edge dislocations are favourable for heteroepitaxial growth as they

can partially relax the misfit strain and will not affect the active region.

a T b T
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Figure 1-8. Schematic illustration of an epitaxial layer on a substrate of different material under compression: (a) a
&sze]l.Jdomorphic (fully strained) layer and (b) a partially relaxed layer through the generation of misfit dislocations

Apart from the original dislocations either duplicated from the substrate dislocations,
or generated through the impurities from the chamber or imperfections of the substrate
surface or nucleated during growth from the misfit strain between the layers,
dislocation interactions provide another major source of high dislocation densities [43].
Once the misfit dislocations are generated, they cannot terminate inside the crystal,
instead, they must either run out to the very edges of the layer or have threading
segments that end up at the surface or the interface or form a closed loop. In a system
where substantial misfit dislocations are forming, 60° dislocations owning the same-
sigh Burgers vector will repel each other during the generation process resulting in
two free-ended TD segments which can glide to create additional misfit dislocation
length in the interface. In addition, if these two 60° dislocations are from different
planes, their intersection can induce the formation of two angular dislocations and the
decomposition of which promotes the TD multiplication [44]. While on the other hand,
opposite-sign Burgers vector 60° dislocations can attract each other and either result
in an annihilation or the generation of a new TD. In diamond and zinc-blende structures,
this new TD can be an edge dislocation which retarding the threading segments from
reaching a free edge. Among all these TD interactions, it can be concluded that the
most beneficial encounter of TDs is the annihilation type. If the defective
heteroepitaxial interface is less important for the subsequent growth, then generating
a new edge dislocation is also a desirable approach.
1.24.2 Methods for Reducing TD Density

TDs are considered as the most detrimental factor for the performance and reliability
of laser devices [45]. They act as nonradiative recombination centres depleting
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carriers for lasing and penetrate through the whole epitaxial layers. A quantitative
example is given that the lifetime of the MBE grown InAs QD lasers can be increased
from 800 hours to 10000000 hours at room temperature by eliminating the TD density
fromoc pTwa tox p TG [46]. As the TD density in epitaxially grown 111-V
layers on Si substrates is in the range of 10° ~ 10'° cm?, which is much higher than
that of the native substrates, usually being between 102 and 10 cm, TD density has
to be reduced for saving the device performance. The strategies for eliminating TD
density fall predominantly into three categories: reducing the formation of TDs,
enhancing the TD annihilation, and changing the direction of TD propagation. As TDs
are formed at thicknesses exceeding the critical thickness, which are the very initial
stage of the growth, special considerations must be paid to avoid their formation. Two-
step growth is usually used for heteroepitaxy, where a low growth temperature is used
for the initial nucleation layer to suppress the formation of three-dimensional islands,
whose relaxation will lead to the formation of TDs, for example, the growth of GaAs
[47] and Ge growth [48] on Si substrates. The TD density can also decrease with
increasing growth thickness due to the annihilation or combination event, however,
the probability of self-annihilation will decrease as the TD density decreases, and
therefore reaching a minimum TD density in an epitaxial film [43]. Introducing thermal
annealing or annealing cycles can stimulate TD motion hence increasing the chance
of self-annihilation [48]. Methods to bend TDs and suppress their propagation towards
the active region include the insertion of strained layer superlattices that act as
dislocation filter layers (DFLs) [49]. More importantly, the application of DFLs also
breaks the limit for TD self-annihilation by encouraging the movement of TDs in
response to misfit strain thus can provide further improvements on TD density [50]. By
carefully designing the composition and thickness of the DFLs, low TD density in the
range of 10° ~ 108 cm [51, 52] are possible. Methods for threading dislocation
reduction discussed above are generally used in combination to achieve a low-defect-

density platform (in the range of ~ 108 cm) for subsequent laser structure growth,

whichinturnresultsinal ar ge buffer thickness (> 2.

of micro-cracks. Moreover, the increased vertical distance caused by the thick buffer
layer results in reduced coupling efficiency to waveguides for evanescently coupled
lasers. The aspect ratio trapping method using patterned Si substrate can reduce the

defect density without significantly increasing the total buffer thickness, but it will add
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a fabrication burden and address extra difficulties for growths by MBE where the
surface cleanliness is dispensable.

On the other hand, partially replacing the thick GaAs buffer layer on Si with Ge/Si
accommodates the large lattice and thermal mismatches between GaAs and Si,
leaving a low-defect-density surface without significantly increasing the total thickness.
Besides, the heteroepitaxy of Ge on Si is also fundamental to group-IV optoelectronic
devices such as GeSn lasers, Ge transistors and Ge photodetectors [53] on Si. It has
been reported that by growing only 270 nm Ge on Si substrate, the threading
dislocation density (TDD) (6.1 x 108 cm) can be reduced to the same level of 1300
nm GaAs on Si [54]. A high operating temperature of 130 °C has also been
demonstrated for InAs/GaAs QD laser grown on such GaAs/Ge/Si templates [55].
Moreover, as the TDD of 270 nm Ge on Si is still in the 108 cm range and the TDD
difference after the third and the fourth DFL layer is not obvious [55], more effective
ways of leveraging beneficial effects of Ge buffer and DFLs to enable lower surface
TDD and total buffer thickness are possible.
1.3Development of group-1V lasers on Si
1.3.1 Si Raman lasers

The occurrence of Si Raman lasers circumvents the indirect-bandgap nature of Si
and enables the manipulation of lasing wavelength by ingeniously using stimulated
Raman scattering (SRS) process. When an input photon enters a medium, its energy
can be reduced to enable lattice vibration so that the output photon will have less
energy and shifted frequency, which is called a Stokes wave. This process is called
spontaneous Raman scattering. Under intense pump field, nonlinear process SRS can
take place where Stokes wave grows rapidly inside the medium and the pump
decreases gradually as the pump energy is transferred to the transition [56, 57]. The
initial growth of the Stokes wave is related to the Raman-gain coefficient and pump
intensity. The Raman-gain coefficient is associated with the imaginary part of a third-
order nonlinear susceptibility and is the most important factor describing SRS. As long
as the pump frequency is within the bandwidth of Raman-gain spectrum (a function of
the frequency difference between the pump and the Stokes wave), it will be amplified
by spontaneous Raman scattering. However, the frequency component for which
Raman-gain coefficient is maximum builds up fastest and can grow almost
exponentially upon reaching certain threshold pump power. As the lattice vibrational

frequency is unique and certain for each element, the emission wavelength of Raman
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lasers using stimulated Raman scattering mechanism is theoretically tuneable in a
wide range upon careful selection of the pump source. This feature is attractive and
foresees the applications of Raman lasers in many fields such as in the ultra-violet
range for biological agents and explosive detection, fluorescence imaging or remote
sensing, and in the visible range for biomedicine and ophthalmology [57], etc. More
importantly, for Si photonics, the occurrence of Si Raman lasers provides a potential
for realising Si-based low-cost, monolithically integrated optical component.

The main limitation that hinders the generation of net Raman gain is the two-photon-
absorption (TPA)-induced free carrier absorption (FCA), which is also the predominant
loss mechanism that causes the pump depletion and increases the optical loss for
Raman signal. Two-photon absorption happens to a significant extent only in high
optical intensities, where two photons with at least half of the bandgap (and usually
with the same energy) are absorbed at the same time and excite an electron to a
higher state with the energy increase equal to the sum of the two photon energies.
This means more free carriers which are incapable of being created originally (due to
lack of energy) are generated and will absorb more photons due to the free-carrier
absorption subsequently. Methods to eliminate the losses include extending the
waveguide in the lateral dimension as the effective length will be reduced due to losses.
Another method is to use pulse laser excitation with pulse width much less than the
lifetime of free carriers [58], so that after the TPA process the pump pulse has ceased,
thus unable to complete the FCA process. Based on these two methods, the first
demonstration of Si Raman laser was achieved in an 8-meter-long fibre ring configured
cavity under pulsed pumping in 2004 [58]. Later in 2005, compact all-silicon rib
waveguide cavity Si Raman laser was realised by adopting a reverse-biased p-i-n
diode structure [59]. Under applied electric field, the reversed biased p-i-n rib
waveguide can sweep away the TPA-induced free carriers from the active region thus
significantly reduces FCA loss. In the same year, continuous-wave Si laser was
successfully presented with reverse-biased p-i-n and carefully designed low-loss
cavity [60]. The schematic configuration is shown below in Figure 1- 9 (a). The laser
cavity was established from a silicon-on-insulator (SOI) rib waveguide whose front and
back facets were coated with dichroic and broadband high-reflectivity coatings,
respectively. Theses dielectric coatings will first enable the pump beam to enter the
waveguide, after reaching the back facet, both the pump beam and generated Stokes
wave will be reflected. Then the reflected pump beam will exit the cavity, but Stokes
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beam can keep travelling inside the waveguide and stimulate more Stokes transition.
The p-i-n structure was defined with standard photolithography and reactive ion
etching and doped heavily by ion implantation in the different sides of the slab, as
shown in the blue and pink colours in Figure 1-9 (a) and in the cross-sectional
scanning electron microscopy (SEM) image in Figure 1-9 (b) [60]. The free carrier
lifetime can be effectively reduced with the increase in applied electric field, thus
suppressing the TPA-induced FCA loss. This design is vital to achieve net Raman

gain for lasing.
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Figure 1-9 (a) The schematic configuration of the Si waveguide laser cavity with a p-i-n diode structure and multi-
layer dielectic coatings at both front and back facets. (b) Scanning electron microscopy image of the cross section
of the Si Raman laser, showing the p-i-n diode structure along the Si rib waveguide. These figures are from
reference [60].

Later in 2008, the first cascaded Si Raman laser was demonstrated, which further
extended the lasing wavelength to 1848 nm from second-order cascaded lasing by
using a 1550 nm pump source, showing great potential for achieving compact, low-
cost and room-temperature lasers operating at longer wavelengths that are not easily
accessible for conventional lasers [61]. Another reason for the realisation of cascaded
Si Raman laser is the absence of nonlinear optical loss TPA-induced FCA beyond 2.2
em for Si [62] as the minimum photon energy required to lead to TPA is half of the Si
bandgap, which is 0.55 eV. The working principle of cascaded Si Raman laser is that
under intense pump field, the generated first-order Stokes wave still has high energy
to excite the second-order Stokes transition, so that the pump energy can transfer
continuously from first order to higher-order Stokes waves. Bragg mirrors pairs and
micro ring resonator configurations have been proposed to selectively reflect different
orders of Stokes waves to achieve cascaded lasing [63]. The first-achieved cascaded
Si Raman laser used a directional coupler, and the schematic illustration is shown in

Figure 1-10. A straight bus waveguide is connected to the racetrack ring-shaped cavity
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through a directional coupler, from which the pump and generated Raman signals can
be guided in and out of the laser cavity [61]. The bottom part of Figure 1-10 shows the
cascaded lasing process where the solid lines represent the pump and different order
Stokes process wavelengths, and the dotted lines indicates the wavelength tuning by
changing the input pump wavelength. The major challenge of designing a cascaded
Raman laser is the selection of the coupling coefficients to assure (1) the coupling is
close to the pump wavelength to leverage the cavity enhancement effect; (2) the
coupling for first-order Stokes wavelength should be close to zero so that the
generated first-order Stokes waves can be confined inside the cavity and build up with
increased pump power thus generating second-order Stokes waves (or desired
higher-order Stokes); (3) low coupling for second-order (or desired higher-order)
Stokes wavelength to ensure sufficient output power extraction and low lasing
threshold [61].

Bus waveguide Coupler
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Figure 1-10 The schematic structure of cascaded Si Raman laser. A bus waveguide is connected to the racetrack
ring cavity by a directional coupler. The input pump as well as Raman lasing signals are coupled in and out of the
ring cavity through the coupler. The bottom figure shows the cascaded lasing process where the solid lines
represent the pump and different order Stokes process wavelengths, and the dotted lines indicates the wavelength
tuning by changing the input pump wavelength. This figure is from reference [61].

Moreover, as Raman gain is inherently small compared to that of radiative
recombination from direct bandgap semiconductor materials, device structural design
and fabrication need to be optimised to reduce the lasing threshold. Improvements of
the lasing threshold can be achieved by optimising the cavity quality factor and
increasing the pump efficiency so that low pump power will be required to obtain
Raman gain for lasing [64]. Moreover, low lasing threshold is also accessible by using

micro- or nano scale cavities because the light-matter interactions strength is
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positively dependent on the ratio of quality factor to the cavity volume [65]. A
continuous-wave Raman laser based on photonic crystal cavity with a low lasing
threshold of 1 microwatt has been reported, and ascribed to the extraordinarily high
guality factors of both the even nanocavity mode and odd nanocavity mode [65]. Such
micro- to nano-scale devices are promising for the large-scale integration of optical
sources on photonic circuits.

However, although Si Raman lasers have developed rapidly since its first
demonstration, fundamental issues remain: First, it must be optically pumped. This
significantly obstructs the practical applications of Si Raman lasers as on-chip light
sources. Second, external electric field is desirable for the reduction of TPA-induced
FCA, which requires extra power consumption and external circuits unfavourable for
large-scale integration. Third, the fabrication of hano-sized photonic crystal structure
is challenging. Any coarse sidewalls, poorly defined air holes or unreleased structures
can cause scattering of the generated light and lead to the failure of the device.

1.3.2 The Bandgap Engineering of Ge

Ge is an interesting candidate for light-emitting devices because it has a direct gap
energy only slightly higher (136 meV) than the indirect L-band, which makes the band
engineering of Ge into a direct-gap material possible, unlike Si with a much larger
direct gap (3.4 eV) than the indirect gap (1.1 eV). Efforts towards higher directness of
Ge band structure fall mainly into three categories: applying tensile strain, n-type
doping, and alloying with| -Sn.
1.3.2.1 Tensile Strain

By implementing biaxial tensile strain, both the direct and indirect valleys of Ge
shrink, while the direct gap shrinks faster than the indirect counterpart because of the
difference of their deformation potentials, enabling achievement of complete
directness of Ge at 1.8 % of tensile strain [66, 67]. The growth mode changes from
two-dimensional coherent growth to Stranski-Krastanov (SK) growth mode after about
3 monolayers (ML) of strained system Ge on Si [68, 69], which means the Ge layers
used in the device are mostly strain relaxed as 3 ML Ge is too thin for an active layer.
There is a 0.25% tensile strain in Ge when Ge is grown on Si because of the larger
thermal expansion coefficient of Ge than Si [67], but this thermal-mismatch-induced
tensile strain is overall insufficient to make Ge a direct-bandgap material. As radiative
recombination heavily depends on the directness of materials, the research into Ge

band engineering therefore becomes more important. More recently in these two
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decade, various attempts of applying stressors or suspension platforms to Ge
succeeded in applying large tensile strain and achieving light emission [70, 71]. For
example, mesa etching the relaxed "Y"Q stressor can induce large tensile strain to

the suspended Ge-on-SOI structure [71].
do
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Figure 1-11. Tensile strain on Ge created by (a) SiNx stressor on suspended Ge-on-insulator layer with its SEM
image in (b) [13], (c, d) improved approaches without external stressors [72, 73].

An illustration of the structure is shown in Figure 1-11 (a) with its Scanning Electron
Microscopy (SEM) image in Figure 1.11 (b). The advantage of this mechanical design
is that the introduced strain is very sensitive to the structure parameters and material
properties including the |l ength of the relee¢

ratio, and layer thickness, i.e., bandgap manipulation is within reach by changing the
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design parameters while the corresponding drawback is that the layer thickness is
limited by the stress transfer. In 2013, M. J. Suess et al developed the previous
mechanical design of the suspended Ge-on-insulator by a top-down fabrication
process (as can be seen in Figure 1-10 (c, d)) without the SiNx stressor layer [72, 73],
applied to Ge/SOI or Ge/Si and acquired 3.1% uniaxial strain and a predicted 460
@& optical gain for p T ® & n-type doping with electron-hole injection density of
o pmwa [73]. Although not tuning Ge into direct-bandgap material, this approach
pushes forward the strain engineering of Ge to a more integrated direction (without
nitride materials as stressor). In 2019, the same group improved their design and
accomplished lasing in highly strained (5.9%) Ge microbridge with identical values of
direct and indirect band energies [74].
1.3.2.2 N-type Doping

N-type doping increases the directness of Ge in a different way (see figure 1-12).
The red lines stand for conduction band, blue lines represent light hole band and green
lines are used for heavy hole bands. Electrons injected by n-type doping fill the L-band
of Ge to level parallel to the direct gap, making the direct band-to-band transitions
dominant. In the meantime, the 4-5 orders of magnitude faster process of direct band-
to-band transition compared to the indirect transition of the radiative recombination
consumes injected carriers more quickly in direct band, forcing the diffusion of carriers
from L band to 3 band by scattering, helping to achieve net optical gain [66, 75].
Moreover, as the energy state of doped Ge in L valley is already filled by implanted
electrons, a lower density of carrier injection is needed for population inversion which
consequently reduces the free carrier absorption and thus decreases optical loss.
Figure 1-13 (b) shows the optical gain obtained by a combination of applying tensile
strain of 0.25% and n-type dopingof X p mMA [ [67]. It suggests that n-type doping
is essential to acquire net gain for low-tensile-strain conditions. Impressively,
electrically pumped Ge laser is realized with delta doping (alternating dopant and Ge
layers) [76] of a high doping density of T p T®d& [76]. However, the extrinsic-
electrons-induced free carrier absorption does hinder the achievement of net gain
when compared with the intrinsic direct-gap materials and optical loss will dominate

when the population inversion is achieved, and the optical gain will be saturated.
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Figure 1-12. Band structure of (a) bulk Ge (the difference between @and L valley is 136 meV) (b) tensilely strained
Ge without doping (energy difference decreases to 115 meV) and (c) tensile strained ¢ -doped Ge [75]. The red
lines stand for conduction band, blue lines represent light hole band and green lines are used for heavy hole bands.
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Figure 1-13. (a) The relation between in-plane tensile strain and Ge bandgap energy, Eg a h g & | EgLnhn, EgLin, are
the energy dif fer encheolbee tbnaenedn, -hdle bearahdd artd diegwhtole band, L and light-
hole band, respectively, the vertical dashed-line close to strain value of 0.018 represents the crossover of Ge from
an indirect bandgap material to direct bandgap material; (b) Impacts of combinations of tensile strain (0.25%) and
n-doping (7 10%*° cm3) on optical gain [67].
1.3.2.3 Alloying with| -Sn

Ge-Sn alloying as one of the approaches to attain direct bandgap of Ge received
great research interest since its rise in 1982. The directness of the bandgap of GeSn
alloy increases almost linearly with Sn composition. Two theoretical methods
implemented for the analysis of GeSn band structure: second-nearest-neighbour tight-
binding model of the Koster-Slater type using virtual-crystal-approximation and

pseudopotential method gave similar results for "OQ “Y&¢ band structure and
predicted the o6dirskto gHp7] and mede @wo it 108], b e
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respectively in early studies. These two approaches explained the reason of lower
direct bandgap energy of GeSn than pure Ge: the band structure of GeSn was
deduced from the diagonalizing and averaging of the Hamiltonian including
parameters of Ge and Sn, which meant the conduction band minimum of GeSn was a
mixture of that of Ge and Sn. This averaging validity was derived from the sufficiently
small difference in on-site energy of Ge and Sn. The estimated boundary values of
0.74 and 0.6 meant that' A 3 T would become a zero-gap semi-metallic material
upon further Sn incorporation [77, 78]. Other predictions of the crossover from indirect
to direct bandgap are in a range of Sn incorporation from 6% to 11% [77, 79, 80].
These analyses shed light on probable band manipulation of Ge and the high carrier
mobility of this group IV material should result in promising device performance [78].
1.3.3 GeSn Lasers

The first GeSn laser dates to only eight years ago, it was optically pumped, with
cryogenic operation temperature of up to 90K, and high threshold excitation density of
around 325 kW cm [15], but it undoubtedly proved the viability of direct-bandgap all-
group-lV lasers. It was grown by reduced-pressure CVD (RPCVD) on a slightly tensile-
strained Ge buffer, with 12.6% Sn. The lasing behaviour can be attributed to the Sn-
alloying induced direct gap, reduced defect density and improved crystal quality
compared to the previous unsuccessful attempts [15]. However, compared with state-
of-the-art 1lI-V lasers, if one converts the threshold power density to current density
under the same free carrier injection rate, it will be two orders of magnitude higher.
The directions of improvements are threefold: (1) working under electrical pump (2)
room temperature operation and (3) lower lasing threshold. The electrically pumped
GeSn laser is still missing despite some efforts [81, 82]. To secure net gain it requires
the optical gain surpassing optical loss. Increasing Sn composition can lower the
energy difference between U and L band thus aiding population inversion at a
significantly lower electrical injection density. This idea is confirmed by the increased
electroluminescence with increasing Sn composition. However, there is a parallel
increase in non-radiative recombination due to the misfit dislocations induced by
plastic strain relaxation for higher Sn stoichiometry, consequently hindering the lasing
[82]. Besides, doping and a reduction in p- and n-doped region thickness may also
help to reduce the threshold current density in electrically injected GeSn layers
because of decreased modal losses (a loss of energy on the part of an electromagnetic

wave) [81]. The operation temperature can also be elevated by higher GeSn
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directness through enhanced direct band transitions. Moreover, larger thickness of the
GeSn active layer enhances optical mode confinement; strain relaxation contributes
to a better directness, and lower defect density can both improve lasing temperature
and decrease the threshold [83]. Several research groups have demonstrated
successful attempts to fulfil these improvement parameters. First approach is adopting
a microdisk-shaped laser structure, as the optical confinement is raised by the
refractive index contrast between GeSn and the air and there is a favourable
distribution of the electrons between { and L valleys due to strain relaxation [84]. An
example is the raised maximum operation temperature of 130 K and a threshold power
of 220 kW/cm [84]. The second approach uses very high Sn content GeSn active
layer to enable large directness. The maximum lasing temperature is further increased
to 180 K (17.5% Sn) with a threshold excitation of 117 kW/cm-2 [85] and 270 K (20%
Sn) with a threshold of 40 kW/cm [86]. The third approach applies tensile strain to
the GeSn active layer. The positive impact of tensile strain on GeSn lasing was first
confirmed by the strongly enhanced PLofaGe . & . dsi cr odi sk, where th
applied byt rntéees (EB.NaTlogpn comparatively | ow thr
o fkwicm -2) contwawe®ubasing was observed in a si
stressor under nealt 8 JtMoest GerS®enc elnd y ggr, $ihe best
termbBi ohest working temper atouweamecnhd elvaesdi nbgy t:
tensitrai ned @a39ndgnei clracser, | asing up to 273 |
cm? [72] and a tensile-strained microdisk laser under pulsed excitation with pulsed
excitation up to 100 K and with a threshold of 0.8 kW cm [89], respectively.
1.4Development of IlI-V lasers on Si
1.4.1 Semiconductor QDs
When the electrons are confined within sufficiently narrow region of semiconductor
material, or in other words, quantisation energy of the system is comparable with a
characteristic energy of the system, e. g. Fermi energy or thermal energy ksT, size
guantisation will impact significantly on energy spectrum, that is when the QW width
falls into the same order of magnitude as the electron de Broglie wavelength in the
case of one dimensional electron confinement [90]. In practice, at room temperature
this well width is around 20 nm or less for GaAs. Similarly, if the energy barriers for
electron motion exist in two or three directions, which are known as quantum wire and
QD, respectively, size quantisation plays remarkable effects on the energy spectrum.
Followed by that is the change of allowed electronic states over the energy, and thus
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change the shape of density of states (DOS). Figure 1-14 (a) shows the DOS of bulk
material, where there is no quantum confinement in any dimension, exhibiting a
continuous DOS in parabolic shape. The DOS increases as square root of increasing
energy. The DOS for QW structure, where the motion of electron is confined in one
dimension, is a step-like function, as shown in Figure 1-14 (b). Compared to bulk
material, such DOS is preferential for laser applications as the contribution of the
higher energy states to the threshold is retarded [90]. For quantum wire structure in
which two dimensions of electron motion have been restricted, the DOS presents a
more quantised state as shown in Figure 1-14 (c). While for zero-dimension material
QD whose electrons motion are confined in all three dimensions, the DOS shows
completely discrete delta-function peaks centred at the atomic-like energy levels in
Figure 1-14 (d). As a result, the density of charge carriers accounting for population
inversion is significantly enhanced at the expense of the higher energy states of the
continuum. This will contribute to the much steeper dependence of the optical gain on
the current density and decreased transparency current. Consequently, given the
same cavity loss, QD structure can provide much lower threshold current density
compared to double heterostructure or QW structures. In addition, the optical
behaviour of quantum dash structures might be considered as similar to quantum

wires as they present broader PL emission than QDs.

L )

=

[ | N NN

Figurel-14. Schematic illustration of density of states for (a) bulk material; (b) quantum well; (¢) quantum wire; (d)
guantum dot [90].
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1.4.2QDs as active region for telecommunication

Given the excellent properties including low threshold, high reliability and
insensitivity to crystal defects and temperature, the monolithic integration of 111-V QD
lasers on Si or Ge looks extremely promising for on-chip light source for Si photonics.
Following the high reliability and high performance 1 . 3 dentrically pumped
InAs/GaAs QD lasers demonstrated on Ge and offcut Si substrates with low threshold
of 55.2 Acm2and 62.5 A cm?, respectively [25, 91], more extensive research interests
have been devoted to QD lasers on Si substrate, especially on streamline production-
compatible on-axis Si substrates. Remarkable progress has been made on 1.
electrically pumped InAs/GaAs QD lasers on on-axis Si by applying patterned V-
groove Si substrates [92-94], GaP/Si APB-free template with optimised growth
conditions [95-97] and dislocation trapping layers [45], improved IlI-As buffer with
reduced thickness and QD active region, where a low threshold of ~ 83 A cm? and an
excellent operation temperature of 120 °C has been achieved on on-axis Si substrates
[34, 98]. The maximum operating temperatures of QD lasers grown on native substrate
and on-axis Si substrate are 220 °C [99] and 150 °C [100], respectively, which are well
beyond the requirement in telecom and datacom applications where the typical
operating condition is around 80 °C [101]. A low TD density buffer layer on Si is critical
to the monolithically integrated QD laser performance. The epitaxial growth structure
and schematic device structure of the record-high thermal stability QD laser on Si [100]
are shown in Figure 1-15 (a) and (b), respectively. A GaAs buffer layer grown with an
optimised three-step growth method ensures a TD density of 4.3 x 106 cm2 and p-
modulation doping is used to enhance the thermal stability of the QD lasers as a result
of the compensation of the holes. Highly reflective film with 95% reflectance is applied
at the cavity surface. The continuous-wave temperature-dependent P-l curve with
temperature from 10 °C to 150 °C for a 6 x 2000 ¢ M QD lasers is shown in Figure 1-
15 (c). The 8-layer QD laser has a threshold current of 116.1 mA and an output power
of over 100 mW at 20 °C. The saturation output power of the laser can still reach 2.5
mW at 148 °C, but decreases to 0.13 mW at 150 °C. In addition, a co-dope method
that applying both p-type modulation and n-type doping in the active region is reported

to reduce lasing threshold as well as increase the thermal stability [102].

26



p-GaAs

=7 Contacting Layer
@u

p-AlGaAs
Cladding Layer

p-GaAs Contacting Layer

GaAs Waveguide
8 x InAs QDs Layer

MWWWQ

: Al so
n-AlGaAs Cladding Laye, ‘ ; (5)°g
N-GaAs Contactin o 40 f ——45°C
g Layer 3

—65°C

— E 85°C
= = 30} 105°C
g 125°C
2 135°C
A& 20t 140°C
- — 145°C
E;) — 148°C

- 10 |
LT GaAs Buffer
GaP/si(001) 5 0 - . .
ubstrate
0 100 200 300 400

Injection Current (mA)
Figurel-15(a) Theschematic growth structure @f 1.3>m InAs/G#@s QD lasergrown on oraxis Si (001yith arecordhigh

continuouswaveoperating temperature 0£50°C. p) An illustrative structure of the laser device T@nperaturedependent
P-l curves from 10Cto 150°C for a 6x 2000>m2QD laser{100].

Moreover, the development of InAs/InP QDs that emit at a wider and longer
wavelength range from 1.4 to 2.5 em [103-107] find themselves extremely useful in
fibre optic telecommunication systems and sensing applications. Provided the
challenges in growing highly uniform 6 d-mo r p h o lInPdpaseéd QDs, the
development of C-band InP-based lasers is relatively slower. The first electrically-
pumped quantum dash laser dates back to 2001, where a room-temperature pulsed
laser with a lasing threshold of 410 A cm for single stack quantum dash device on
InP (001) substrate [108]. To date, the performance of C-band quantum dash lasers
have been improved to continuous-wave operation up to 55 °C with a lasing threshold
of 528 A cm for a five-layer device on InP substrate [109] and continuous-wave
operation to 59 °C with a lasing threshold of 1.3 kA cm? for a three-layer device on
on-axis Si substrate [110]. For QD devices, an optimised highest working temperature
of 80 °C has been achieved while the threshold remains high at 1.6 kA cm2 for a five-
layer device [111]. In addition, high quality InP-based QD lasers emitting at 1.55 em
have also presented excellent temperature stability and high modulation
characteristics [112, 113].
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1.5Thesis structure

In this PhD thesis, the investigation of buffer layers and high-quality light sources to
be integrated on Si platforms for Si photonics is presented with 7 chapters.

The first chapter is the introduction of Si photonics, including the challenges facing
the achievement of high-efficiency on-chip light sources, current solutions and the
development of monolithically integrated group-IV and IlI-V semiconductor light
sources on Si.

The second chapter details the experimental methods used for the investigations,
including the epitaxial growth, material characterisation as well as optical
characterisation.

The third chapter describes the growth optimisation of low-threading dislocation
density Ge buffer growth on Si substrate. Various parameters of the structures
(dopants in the nucleation layer, layer thickness, growth temperature gradient, thermal
cycling) have been investigated. The implications of combining these growth
conditions-optimised Ge buffer layer with GaAs-on-Si growth has also been discussed.

The fourth chapter presents two novel approaches to growth high-quality GeSn layer
with high nominal Sn values of ~ 10 %. The growth methods have been based on the
in-situ RHEED observations during the epitaxial growth, where significantly improved
crystallinity has been observed. Detailed material characterisation and the implications
of those findings for high-quality GeSn material for real applications have been
demonstrated as well.

In the fifth chapter, the growth optimisation, fabrication, and characterisation of long-
wavelength InAs/InAlGaAs/InP QD lasers are discussed. Details of MBE growth
conditions and fabrication steps are reported. PL and laser characterisations are
reported demonstrating the high quality of the growth structures.

The final chapter is a short conclusion of the work presented in the thesis. The main
achievements of each chapter are summarised as well as the relationships between
the chapters. At the end of the chapter, future work based on the findings of this thesis

will be discussed.
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Chapter 2.

Experimental methods

2.1 Molecular Beam Epitaxy
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higqlual ity quantum dots because of the vapour
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hard to precisely control, despite it havin
| arsgceal e production, and | ow cost.

2.1.1 MBE key component s
2. 1.Chalmbers and pumps

MBE is a | arge system with numerous compon
containing effusion cell s, a |sqgbuiud monitoge
system Reflection High Energy Electron Diffr
and mani Bpuiltasgoicawt h i s a.cAhlioeavde dl ohcekrhecshwvaomb e r

guartz infrared baking | amps mounted around,
at xlcOrOmo el i minate water vapour while other
chambMad a buffer (preparatthengr awtalmbelr a moeirn ¢
|l oad | ock chamber with a degas station where
to 6W0thout affecting the growth chamber. E :
chieve a graded pumping system. The turbo a

|l lroommgh pumping t o tphe putalcaururm rTalmegsee opffu mp s

used to roughly pump other chambers fror

T T 9 9
0]

reparati on cohiaombepunhpast oa enabl epnvBecuu.m Aow
cryopump uwsamdge ncsraytoj oanof omMepump and a tita
pump TSRYequipped in the gr owtpht xephta Mmerr t o
vacuum [I12dv®dmpl e transfer is accomplished v
Additionall vy, cryopanel is a crucial part o
condensabl e gases an-dv a&paec tianddewcrtelde | ©cwrl d s e d
Ul thriagh vacuum J(a&lHWgs gadmparate the chambers
vacuum and p rceovnetnatmi oo § ® n t he val ves ar e
transferring samples. One of the advantages
system connecM i MBE gard pg rl dnddpe rl VhiMBhWE vua c u u m, a
us to grow mixed | awematefri @r-Isu$phFdi Wsuaaedp2il ¢ tl u
t he glrvoupeeco Gesno9u3drOc esoMBEa nd Buuirab& schemal
i mage.tof
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Figagtf.e A picture showing -2der /e etdidC@RBNES 3 0a bs.ol i d

Gate valve
EL
chamber Connect to lll-V
MBE

Turbo

pHmR

Scroll

ik

lon pump

TSP pump

GrouP IV MBE at UCL

Fi g2ke A schemavingge glrWdiBB/ eeco Gan9BCL
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2.1.1.2 Effusion cells

Anot her key component of MB E -girso wint smarhaetr d rai
guality has i mproved thanks to the devel opm
cells are the Knudsen cells, which generally
the temperature rzangleheofdes0i0gn oo fl 4t00e ef f usi
materi al guality. An ex8mplTédei s mpepvemedti of
aperture crucible Il nside effusion cell s t o
shadowed flux and outgasnsifogm d&d¢hixedissgrmbdbut
3 (a,] 2b)However, at very highfitemprcypt eveapa
requirements of some source materials such a
is applied to aid the gebneanatdwap corfatsooruricse d
system wusienngeragyhiedhect rioln2 bkeeaMn toof bSombar d t h

materi al and is directly connecthadyltcouutmhe ¢
val ve.
partially substrate O TURE

shadowed Mounting CRUCIBLE
flux \ MULTILAYER
(unpredictable' RADIATION SHIELD
depletion ! \ THERMOCOUPLE
behaviour) ' ECERARD-S
~ ' /
\ /
\ // HEATER FOIL
\ - 2 4 WATER COOLING
\ <X / K
7 3 3 & THERMOCOUPLE
full fiux
intensity e POWER FEEDTHRO's
(a) (b) (c)
FigaeBe (a) Small aperture crucible with shadowed flux probl

shape (c) Schematief28i agram of a K

2.1. 3s.i3t u nmoni toring instrument: Reflective
( RHEED)
As mentioned previously, RHEED makes MBE s

growt h metshiotds mmniitnori ng of the growth dyna

met hod in essence, so it has the benefit 0
crystdlrluicnaure of materials, which is desiral
the drawback of the indirect translation of
extensive investigation and analysis to und
refl ecRelBEEDypatterns. From the perspective
structure isemsempyeel acthigh gun | aune&Wes an
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keV to the sample surface atlta agVvaindtimlgo akigl
sour ce, then the diffracted beam is project
i mage can then be collected and seen from s
information contained in RHEED pattodrnmi nequ
intuitive Iimprts&ieodoskeéngembwsherf eatures, whi
when growing quantum dots as the time and th
recorded and calculated for reference in fur

2. 2r ayi f fraction

Xray diffraction (XRD) is the most efficien
a matf[e3]]ilat can distinguish between different
composition. Mor e i mipeosrttrauncttliyv,e imetih®sda hnghl
semiconductor mater i algrcohwatrha cftaebrriiscaattiioonn aiss p

2.2.1Working principle

Xray diffraction approach i sr &yas eidn oind evatv eo

crystalline solid. A schematdi.c Tihlel utswor aitn coind

ray beams can only achieve constructive inte
¢ _ ¢Qi Q¢ —

i s satii.®fhieced,ath difference between the two
pl ane._ i Brom this working principle we can ot

the d spacing acquired at aagi war eil maigd éintuse

foll owing equation:
o
Where h, k and | are Miller indices of the d
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I Diffracted

Incident beam

beam

@@ @@ @@ B~

Figagde Working pr[Btiple of XRD

I n addition to | atrtisoé¢ vpayacthXt eractihomgh( HR
measure epilayer thickness, superl attice peil
i mage; various crystalline defects such as 1
curwveaetudislocations; and strain relaxation e

materi al guality, the focus of wusing HRXRD i

strain relaxation and materi al guality in t
and misorientation. The fully relaxed-and st
5 below, and the determination of strain st:
as wil |l be detailed in a | ater sectaitan.celn
constant same with its bulk value while a
par ameter identical with the substrate wund

broadened rocking curve and diffuse scatter
mi sicernt ed crystals join and form |l ow energy
2-5 .

[TIT1T] s N e

Fully relaxed Per fcercytst al
Fully strained Mi soriented
Figa2be Il lustration ofstfr@alinhedr elrgxse &l amamids qieilr f retdedd] acnrdy sstla lg t
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2.2.2 Scanapgplpiecsatainans
2.2.2.1 Rocking curve

Ther edafreerent types of scans available for
pl ot-rafy Kntensity and Omega (threaynge a@mbandv
sample surface). When opeawtbsongrcehardetergtec
incidencenegaglie ©Ohanged by rotating the sam
XRD instrumental sett6i(mg Ats tshheo vwrr eisne nFcieg uorfe ¢
omi sor iceamntseed!l fatltiwedthhat hal of mawickumg( E\
wi || b ee dArso ascheorwn - (Fbhug,wree A2 st ands EBD a sa

revealed di sl 0lcaa0?cniwH e hBdenyre@eponds to a sa
an elevated dislocatiPqmTdensiechanismo90D0t be
broaddrmsi mghown 6n (Whgnr eati cesmbsodieértcatsi @
the Bragg conditioanigdeshad,e s¢epd BOrdnbhe orig
rocking curve is mainly used to investigate
state, mosai c spread and curvatur e, which ¢
broadening etc.

-
o

z

g
o

1
>

o
N

Normalized (Int. - Bkgdi:

B eererlrrrrrrrebrrreres e
-30 -20 -10 0 10 20 30
Position (arc sec)

o
=)

1
1
1
1
1

S P
——

1
1
1

1

Figa6.¢a)ll ustrative image of[ LIRDP Examplmementood!| reoekiinggsur ve:
where curve A stands for a sample with? ERDi tevealred Oi sboce
to a sample with an el evat e#] 5di(scl)o cSacthieomma tdiecm $iiil thyg sat fur radt 9% 0TV Hd
broadening due to misorientations or crystal defects.
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2.2.2. 2-sCoawmp |(exifehgead a scan)
A coupled srcayn phnodot3THKet a, but Omega al so

Omega equals | 2Theta plus an off sZTheatnag!l e.
scan) i's primarily applied to study | attice
relaxationaryawndomgosi tion. However, because
| attice mismatch all play roles in changing

Omeg2zaTheta scan can only work when we Kknow
mul tiple coupled BeanpromalmeSyace Map (RSM)
analysis. RSM provides the most comprehensiyv
it i s ideal fotrheaslies studies in this

2.2.2.3 Reciprocal Space Map
RSMs are generated -DVhebdl ecansngatOmeigfaf er en
wheg®Rowg 04 QQE QQ QBr om t kpd ameep ,oodpdnh aonuet | at t i ¢

constant s, mosai c spread, strain relaxatio
determined. However, to translate informatio
space. F/ii glueleow i s arecgprecalf Itdteti ce, w h
corresponds to a crystall ogrlaphtiscc @prloamien e(nh k

understanding diffraction patterns of <cryst a

[001]
<~ (100)
Diffraction planes
|
! ; < (010)
| )
N i
/
N
~—(110)
Beam
Diffraction pattern
[ ] [ ] [ ] [ ] [ ]
110 010 110
L] ® [ ] [ ]
100 100
[ ] [ ] [ ] ° [ ]
110 010 130
° [ ] [ ]
[ ] L] [ ] ([ ] L]
Fi g@27.e Reciprocal |l attice and the3]Jcorresponding diffraction
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Ewald sphere is a way of simplifying and vi
notion of rettpraaoaleial & tstplaecee. wi t h t he recip
foll owiinng Pnagyrag&sudne poi ntcedtirsalt hpeoiamtd Of, a ¢
Band D asenpoheaD¢ciaCcd eO are in.dihshetsamgl &€i n
bet weene DO.Tamd tibd#ngf hl i:tne OB

06 0d Qe
fwe set pe nthe amicgipr oEfmadwehlethe radi us of t
beldwheeies X-rhaey wavel engt h ustehde ne x)Bd rhéemmaoi ad |
ot he point B in rwhdscgiilohteane swpiacle get

— EIQ-E
i .,.Braggodmsdi ti ®9hi e d Esvatspdihe.he ot her words, Ewal
depicts the essenti al conditions toltdetaat c
be useRIMsitno eak tHhespagciwhgian RBestathdd el attic
par amet efmas ofimplarwead hsahhetmaatteecb ® &1t he-pli ane
directiomadp hadreecdtiimnaddioki omg,scamde R&Msal so
i nditclag eext ent of mosai cwhtigc hinerass & hex s mte ad i
crystal | atttii @rea mo $saorrg sethala,onitwar ms s tiny per:
crystthmdtse mi sori ent ed tt oc asno nibeb yenxatpepnetdtmmer nt 0 |
boadenitnhgeeo pr oc al |l attice poiertl guéainmeg nndo rcnua | a
antdhe peak bpracraadenetilmg i nterface is referred
| enqatshhown i n-8Fbyure 2

X-ray [

Beam \5

\ Reflecting plane norn
(a)

. (b)

Fig2Be (a) Schematic i nja3geMbodfaiEwaslpd esapdh earned | at g4 hl correl a

Lateral correlation

o e

I nspired by the Ewald sphere method, the di
curve scan and a coupled scan can be demonst

origin and a straight l' ine pointing outside
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Figu®e Besides, by measuring the broadening
with the reflecting place normal in the RSM,
broadening parallel with the interface origi
(V. (b)

Figagbe (a) Ro cd<£1;:% icsa eanre raerdc oo ft ht é ®o mir‘g)Aiél(;:g‘) sé@dl@;elﬂ e7d scan

appear s aahg al isnterawalfyrmtm nt hef otrdieggipnr ocl[ad] space

2.3 Atomic Force Microscopy

Atomic Force Microscopy (AFM) I's one of S
techniquesnetdriae¢!| dseerces between the atoms o
the probe tip apex to collect signals on sur
down to atomic spacing and a | ateral l ength
used met hoal ibtecaxamines material s surface

materials |ike other SPM methods e.g., Scann
From the perspective of instrumentation, AF
map the topography of sampl es. I n operation
cantilever and the force between the sampl e
canteirl,ewhich i s examined by a | aser beam def
cantilever and detectegeasdtieeopted odyodes,i
four quadrants, ak0.s hDhwe pmotFo Jiucdke X are ins
of madggeni It air ger di stance from the sample sur‘
cantilever to enable the magnification of th
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Figeid® Schemat itchAFiMager&fi n§g3princiople

Static and dynamic modes are the two basic

static mode, a.k.asttbegcoaepaktcsi medeor ae i s
resolution. In this mode, the degree of the

a feedback | oop. In the dynamic mode the can
the feedback | oopdkaepsi tbhdse désogoillation.
mo s t widely wused dynamic mode andesittrulcas ve
approach while maintaining high resolution,

There are different otny ptehse otfy ptei posf doeppeernadtiinogn
are usedcdmtracmtonmode and soft tips are appl i
avoid sample surface damage. The tip has a :

be considered as a conAn VAFtMh t& mi eopsghoalpaesy an g |
shown i n-l1ETlgereprn ed shape and the remaining
parameters for the | ateral resolution of th
report, the tiphnhad an apex of 20
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comm

Figaedié& An AFM tip of [&]triangul ar shape

2.4 Raman spectroscopy
2.4.1 Working principle
Raman spectroscopy and Fourier transform i |
t wo mo st commonly used met hods of vi brat
spectroscopy works very differently from ot
uses much | owerrarenderlgiyghit to match the vibre

and crystabe¢atrliyoeRaman spectroscopy exami.l

vi braltabnhsce )vi driabhebastic scatteirlianty iocfe | i g
can be used to investigate various material s
polymers,, cendamiemi ebadubtubrexcluding metals

reflectivity of electromagnetic waves.

Energy e 10° 107 10° 10 | 40 | 10° 10®° 10  J/mol

Frequencyv: 10° 108 100 | 102} 1¢* 106 10® 10?0 Hz

Wavelength 102 10° 102 100* 10 10° 10" 10" m

Wavenumber v 10° 10" 10f 10°| 10° cm?
| 1
Radio Short Micro- Infrared Ultraviolet y-rays
waves waves waves radiation radiation
I ' I X-rays
Visible light
Vibrational
spectra

Figetie Fregiienwyve

L
vi brations are in t

emdtwavehuanbgges of el ectromagnetic waves
he range[@&ff infrared close to the visib!
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As infrared |ight has energy close to mol e«
infrared | ight frequency matches the vibrat
infrared | ight irradiates the molecul e, t he
comsned to excite the molecule to a higher

energy is calculated from the spring har moni
unit of wavenumber, which i sodrecAfpreraéx oift &
the vibration either returns to its initial
di fferent l evel. The | atter i1 s called an in
vi brational energy returnshatlo vaalhuieghadart Iliev ele
scattering, otheBwokesitscasteal hgdaddilAsstr
t he -@athakes scattering is much weaker t han t
spectrum normally count s oind dyu ctelde bfyr etqghuee n &
scattering by molecules and such changes ar

Raman spectroscopy spectrum.

_____ ' Virtual
_____ TR Virtual
c a b
I Y V=1
\ Y V=0
Anti-Strokes Rayleigh Strokes

U —
-

Absolute frequency, v
Figadas8 Dynamics of differentf 3thol ecul ar vibration modes

2.4.2 Advantages i n esdmapgesiatniadryaslesand strain
Raman spectroscopy is a favourable charact
such as in ceramic and polymeric material s,
and efficiency, as wel | as semiconductor

crystalilcogopapbkbntati on determinati on. An e
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YQOQ composition variation. -1A (ca)h dfe tsltee nR
spect ry@go®dn silicon substrate, theGda,-s$ii nct
Si afGk dionds show three different Raprsan peal

bond i n Y@QAYQ ftihlinm shows different Raman shif
Ssubstrate because strain also affects the ch
The vibrational energy is exponenti-a#il ¢gb)nfl
shows the RaMQiOQwihtinf tt hoef change of x val ue,
thicknesses. I n thinnerOMmim, mcoimprebei vangeér
because of the |l attice mismatch between Ge a
with x as 1indica,t ewdhiblye tihre tstoilalkderl ifniel ms whe
generation of c¢crystalline defects the Raman
l ine. Another example of the effect olf4d strai
(owhere the Raman shift of thin silicon film
bul k silicon. Il n summary, Raman spectroscop:
when composition of the material can be dete
40 | mm &
o bulk
S | 0S8
150 E
100 -
. o
200 250 300 350 400 450 500 550 \(“_,
Raman shift (cm™") t
@0 520 [~ —100 nm )
| pd
65.5 nm w
.T.E\ 515 876;-;“ o 84 nm o 2
g ‘ 704 nm
S 510 .
c 121 nm
:
o 505~ L l 1
- . ! ™y 540 530 520 510 500
oe o o2 FREQUENCY (cm-1)

Figefid Raman speattdayof(aJi @ead its change with | ayer compos
compared to BJjul k Si (c)

2.5 Scanning Electron Microscopy (SEM)
The SEM is the most frequent |wl 3usletd e xygnei noe
the microscomspest meant sue fafce by scanning a

over the sutrtsgpceec iameena oJognpanmrdeddcd @os@aope, t he
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i mportant featadrag gef dep¥fBaMbiés $petctidfic, the
can reach the or de4l onfa gmiicfrBotndéttireensv eart, 19DEM sy
areasiteo®r operate and maitrmthasim acicdpria@nmeas ¢ op y

( TEM) Chemi cal composition analyses arayal so

energy dispersiBveS)spectrometer

The schematic structure of a-l1SEMIsysbamiBbs§s
el ectron gun and a set of el ectromagnetic
electron gun for generating an el ectron bear
emi sgsiypre gun. The acceleration voltage for t

i n he nd40e k&Yt The generated electron beam

t

probe for surface scanning through the &el e
objectivefdbenssddhenhe el ectron beam as a pr
nanometre scale. The beam scanning function
system incorporated within the objective | e

el ectromagneti c heoipr®oba&and nmavés nte al ong the

then displaces to the next l ine for scannin
sample are collected by a detector and ampl
i mage.
Electron Gun
Lo |
, 7 2
Ist Condenser /] %
7 /]
%
<« Spray Aperture
L Y
% / Scan Coils
2nd Condenser [/ 7
g —y 2 — .
| Magnification Scan
; = Control Generator
Objective Lens 2 Final Lens Aperture,
/]
gezrzzz L
Display
Detector = Amp > | Screen
|
Specimen
to
Vacuum
Pumps

Figedi® The schematic stryydodtjure of a SEM system
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There are two typdadaafe wiserall dlogcttmens esea
econdary electrons and backscattered el ect

nergy electrons, it either produces el asti

peci.meense two types of signal el ectrons ar e

S

e

el ectrons or producesejiercdli amgt iecl exd atotnesr ifnrgo r
S

and secondary electrons, respectively. Backs
f

rom the sample at | arge angles and with | it

ardeflected from the sampl e ater s mealerggy ang
Secondary =electrons are the main signals foc
backscattered electrons are primarily signif
contrast. By using the backscattered el ectr.
down the |l attice planes of crystalline mater
el ectron beam path t hrough di ffersgntthcer yst
backscattered electron intensity will wvary,
di fferent grains. This approach is called e
(ECClI) method, an exampd alh&EBsa&dadwmighens&r §ace
showpas tbhetrastddd@Ppdeownsdi taylsekaaamp be esti mat e
di vitdhengcount el nbdDsmbby t hea Ameoa shuerre d neasgeen gt a k e
secondaryi ®l @acsooshowln6 i(nb)Fi gluG&lI 2i s now wi d
feasi ble and accurate approach for dislocat|

riented sampl e, the presences of indi vi dua

0
backscaetlteecrtetrdens iitny change when the <crystal
specific grai nbeamidciffifersadihiee n-bvwaanan d ii toinon i
a

chieved by tilting the sample such that on

i ndiicsesexci t eydi raq dt Iseotrddsidtgigo n .

EHT = 30.00 kV Signal A = BSD Date :2 Dec 2021 " EHT = 30.00 kV Signal A= SE2 Date :11 Nov 2022 _—
WD= 6.1mm Mag= 110.00K X Time :21:26:22 WD=12.7 mm Mag= 6499KX Time :19:12:25

sl
Figadié (a) An ECCI i mage s hoswasmpT Des spurrefsaecnet iunngd eorn btahcek scat t e
mode. (b)) An example of secondary electron mode SEM i mage
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2 .BL
PL i s

semi con

an essenti al optical characterisat
ductor materials -duahdagreppthXi aéinyc

mat eri al s delstt riuctd vireorr echni que all owing the
defectsuantdiesmp and quality of the materi al
photon emitting process where the sample 1is
photon energy. For a semiconductor sample u
v al nce |Ibanrd ewiclited into the conduction ban:
within the bands and vibrational rel axation

recombi

e
h
0
bandgap
0
c

ne and-hbbempeli est aoad emit photons wit

whreenl atxhebyack to the valence band.

information can be obtained from the PL spec
process may i nvol ve -rbaodtiha triavdei aptriovcee sasneds naotn t |
PL intensityiwtl Foprowedergshalline quality
radiative recombination centres that deplete
The room temperature PL setup wused in thi
wavel ength excitation | aser sources (532 nm,
which can be vacuumed, three different gr at

excitat
monochr
and ext
type of
|l nGaAs
wavelen
mapping
propert
opti mis
provi de
i ncreas
contrib
t he ban
RP M 0 OuOs

i oenmi stshenPlfrom the sample can be co

omator by a set of |l ens, followed by
ended optical routes. Then the signal
det edt drei $ &-lee uml ecdhadggwei ce camera or
detector), a wide range of emtosfsfi on w
gt h of 2000 nm can be detecd edPLn t|

functi oinonparlovii dfesr maddiotn o f the wuni
i es over t he entire area of t he wa f

ation to a | arge ekdpearndentn Raldds pge otn
more accurataeanmemscoaememtes fdewi qas,
e i n temperature can result in ther me

ute to the radiative recombination, a
dgap change upoA pbampeRLlatmapapeivag | Ayt 9 tc

ed in this thes#lsT.i s shown in Figure
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Figure2-17 The PL mapping system RP@00at UCL.

I n additiePn, nee amiuc eme nt system where a s
configuration can be used to optically pump
emi ssion | aser (100ps pulses separated by 1C¢
shown i n-1&i gluhree p2u mpiamg@opbobwel bed and adjuste
current of the pumping isbacwseed Tdire tphuempmingr d
with a spot size ~ 12 Om in diameter throuq
spectra of t heammoclrloedcitsekd |farsoemm st he t op by usi
l ens and were fumomer ha manlayhoead IbnyGaaAs -det ect
pass ifasleedert o bl ock the excitation |ight fro
the -heaeld intensity profiilseoldfectla riyc rtohdei ¢
detector.
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LED

ccD EBS
N\

Spectrometer

Pulsed laser

©
L
o
E
©
o

Slit

Filter

Sample
Figafd8Schematic dhmigoPdon sceft lupAd/olrmR cQbsddhakacterizati ons. BS
represents beam splitter. A long pass filter is used to bl
To capture the near field image, the grating in spectromet

2.7 Transmission Electron Microscopy
TEM i s anot her type of usef ul el ectron m
mi crostructures with very high magnificatio

TEM comes from short wavelengths of electron

can reacHbHethefoO0O.1 nm if | ens aberrations c.
[ 3] Simil ar to SEM component s, TEM consi sts
sampl e stage, objective I ens and projector

di stinguishes TEM from SEM. The beam in a T
atomic r esgoel uatnidon si mad t en used to observe cry
has speci al requirements for sample preparat
be thin enough for transmitting electrons,

compared to n®EM.el @rcitmabil ytic thinning, ion m
the typical metthloids $amppeepfaoi nGEM i magi ng.
There are two primary modes of TEM i maging,
|l evel s of transmitted electrons and dar k f
el ectrons. The signal electrons being transn

contrast of the image and is used to reconst
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Fi gudl®pr2zesents anaexaeasepdtei oonf TEM i magstahow
defects generated at the inter-fipclei nés Geepned
TDs (example markedtwarhgwhate fGromwshe | at
bet weismbStrate and subsequently grown Ge epi
are bent to travel horizontally, the top par
2-19i ndi cates good crystal qguality free from
achievi-pgrfhorgmancel hege vaiugtehespart d ppr elxri.at dat eus
Gal lucci MastegRlEM i onmGemsaputiaygrs on Si

Si

Size Pixel size
4096 | 400 ms | 94000 x |3 200 kV | 157.5 pm | 645.1 nm

Figetie® A sreaess on TEM i mage showing the crystal defects gen
substrate. The white arrows denote the position of TDs bent
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Chapter 3.

The Growth Optimisation of Low
Defect Density Ge Buffer on Si

3.1 Introduction

Driven by the rapidly expanding demand for data transmission in large-volume
markets, e.g., data links in data centres and supercomputers, Si-based photonic
integrated circuits have been heavily investigated as a desired solution for the high-
bandwidth, high-speed and low-cost data communication [1]. However, practical
applications are hindered by poor light emission properties due to the indirect-bandgap
nature of Si. Currently, compared to hybrid approaches like wafer bonding, the
monolithic integration of 1lI-V lasers on Si is one of the most promising alternatives in
terms of high throughput and potential scalability. However, the epitaxial growth of IlI-
V material on Si remains challenging because of the presence of large quantities of
crystal defects including TDs, APBs and microcracks, as described in Section 1.2.
These crystal defects will act as non-radiative recombination centres depleting carriers
for lasing. Methods to eliminate the defects include the application of thick IlI-V buffer
layers [2, 3], strained-layer superlattices (SLSs) or QDs as dislocation filter layers
(DFLs) [4, 5], patterned Si substrate [6, 7], etc. Usually, these methods will be used in
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combination to achieve a low-defect-density platform (in the range of ~ 106 cm) for
subsequent laser structure growth, which in turn results in large buffer thickness (> 2.5
em) that render s t hceackgamdhreduad doupling effitieneyitoc r o
bottom waveguides. The aspect ratio trapping method using patterned Si substrate

can reduce the defect density without significantly increasing the total buffer thickness,

but it will add a fabrication burden and address extra difficulties for growths by MBE
where the surface cleanliness is dispensable.

On the other hand, partially replacing the thick GaAs buffer layer on Si with Ge/Si
accommodates the large lattice and thermal mismatches between GaAs and Si,
leaving a low-defect-density surface without significantly increasing the total thickness.
Besides, the heteroepitaxy of Ge on Si is also fundamental to group-IV electronic and
optoelectronic devices such as GeSn lasers, Ge transistors and Ge photodetectors [8]
on Si. It has been reported that by growing only 270 nm Ge on Si substrate, the
threading dislocation density (TD density) (6.1 x 108 cm) can be reduced to the same
level of 1300 nm GaAs on Si [9]. A high operating temperature of 130 °C has also
been demonstrated for INAs/GaAs QD laser grown on such GaAs/Ge/Si templates [10].
Moreover, as the TD density of 270 nm Ge on Si is still in the 108 cm range and the
TD density difference after the several DFL layers is not obvious [10], more effective
ways of leveraging beneficial effects of Ge buffer and DFLs to enable lower surface
TD density and total buffer thickness are possible. In this chapter, the growth
optimisation process of Ge on Si is first demonstrated by varying a series of growth
parameters, aiming to obtain a low TD density. Then, the TD density change with Ge
thickness (from 300 nm to 1000 nm) is investigated to show the trend and find the
plateau of the TD density reduction. These investigations will facilitate the buffer

design for both IlI-V and group-1V optoelectronic devices on Si.

3.2 Challenges and The Epitaxial Growth Methods of Ge on Si

As a promising platform for the integration of 111-V materials on Si, the growth of Ge
on Si has long become of great research interest. However, there is a relatively large
lattice mismatch (4%) between Ge and Si, the heteroepitaxial growth of Ge on Si thus
will proceed through Stransky-Krastanow (SK) or Volmer-Weber (VW) modes, where
three-dimensional (3D) islands are formed to relax the strain and spontaneously

introduce a large number of defects. The illustrative images of three growth modes are
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shown in Figure 3-1. When the deposited material has a same or a small lattice
mismatch with the substrate, it will grow layer-by-layer (Frank-van der Merwe (FW)
growth mode), as shown schematically in Figure 3-1 (a), an example of which is the
deposition of Ge on GaAs. During the epitaxial growth of a material on a several-
percent-smaller-lattice substrate, e.g., InAs on InP where the lattice mismatch is 3.2%,
the growth will first follow two-dimensional (2D) growth mode within several atomic
layers [11]. Then the growth will proceed through the formation of three-dimensional
(3D) islands. This is known as the SK mode (island and layer growth mode), as seen
in Figure 3-1 (b). The transition thickness is called a critical thickness, and the 2D layer
is named as wetting layer. The formation of the islands originates from the elastic
relaxation of the mismatch strain and is energetically favourable. This self-formation
of the 3D islands through SK growth mode is called a self-assembly process critical
for the synthesis of semiconductor nanostructures [12]. The advantages are that the
process is one simple deposition step, and the density, size and uniformity can be
easily controlled by varying growth conditions. Besides, as the strain is relaxed
elastically, crystal defects can be avoided by choosing the deposition thickness below
the island plastic relaxation. Defect-free QDs can be grown using this method. The
third growth mode is VW mode (island growth mode) (Figure 3-1 (c)), where the
interactions between adatoms are stronger than that between adatoms and the
substrate atoms. Therefore, 3D islands or clusters are form directly onto the substrate.
Ge on Si growth follows the SK mode and suffers from two major challenges: 1) high
density of threading dislocations (TDs) and 2) large surface roughness because of
island growth. Those high-density TDs originating from the Ge/Si interface can
propagate to the active regions in devices either depleting carriers of a laser or
increasing the leakage current of a rectifying junction significantly deteriorating device
performance. And the rough Ge epilayer will result in difficulties in process integration.
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Figure 3-1. Schematic illustrations of epitaxial growth modes of semiconductor materials. (a) Frank-van der Merwe
(layer-by-layer growth); (b) Stranski-Krastanov (island and layer growth mode); (c) Volmer-Weber (island growth
mode).

From the perspective of epitaxial growth, to address the issue of high surface
roughness, two strategies are most widely used: 1) lowering the growth temperature
so that the diffusion of adatoms on the deposited surface is greatly suppressed. This
will prevent the adatoms from locating their energetically preferred positions. In other
words, it will avoid the formation of 3D islands. Nonetheless, the high defect density is
a consequence of low-temperature growth because substantial point defects can be
introduced to the film at low growth temperatures. As a result, only the nucleation
phase of Ge growth on Si is typically carried out at low temperatures. 2) The use of
surfactants. By careful selection of surfactant atoms, it is possible to passivate the
surface by saturating most of the dangling bonds on the surface; thus, the deposited
atoms will not differentiate between flat surfaces and step edges, favouring layer-by-
layer growth [13-16]. Passivation should be adequate from suitable surfactant atoms.
For example, pentavalent Sb atoms are preferable to tetravalent Sn atoms as
surfactants for passivating tetravalent Si substrate [13].

Methods to eliminate the TD density are mainly threefold. 1) The insertion of graded
SiGe buffer layers between Ge and Si substrate is a standard approach that has been
well-studied. This method can gradually accommodate the lattice mismatch by the
grading of Si composition. The drawback of this method is that it usually involves large
epitaxial thickness and thus elevated surface roughness. For example, combined with
chemical-mechanical polishing, the TD density can be decreased to 2.1 x 105 cm™

[17]. However,t he epi taxial thickness added up t
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(rms) was 24.2 nm. Facilitated by Sb surfact
buffer on Si can be improved to 5.4 x 10° cm? with a rms roughness of 3.5 nm [16]. 2)
Two-step growth is generally adopted where the initial growth is carried out at low
temperature (LT) to facilitate the 2D nucleation, followed by high-temperature growth
and cyclic thermal annealing [18]. High-temperature (HT) growth is beneficial for the
crystal quality and surface morphology and will help to remove point defects
introduced in the low-temperature step. Thermal stress-induced dislocation glide and
annihilation during thermal cycling annealing is the stimulus for defect reduction.
Besides, the thermally induced Si diffusion into the epilayer is reported to decrease
the TD velocity [19] and the difference in TD velocities in Si diffused region and the
oundopedd region gi ves/[20]. Mereovet, ®8° disloaatiomseamd i ng o
react and form pure edge dislocations during thermal annealing process [21, 22]. A
schematic demonstration of the TD reduction mechanism induced by high-
temperature thermal annealing is shown in Figure 3-2. The as-grown film is composed
of a 60° TD threading up to the surface (Figure 3-2 (a)). Under high-temperature
thermal annealing, the thermal stress and increase vacancies facilitate TD motion
within the film (Figure 3-2(b)). Meanwhile, in the case of GaAs growth on Si, the Si
diffusion can also lead to a slow-down of the TD moving in the Si-diffused region, and
the TD propagation velocity difference at the interface of the Si-doped region and
undoped region bends the TD and eventually TDs can form pure edge dislocations,
see Figures 3-2 (c) - 11 3. For 60° TDs with opposite Burgers vectors, they can react
and disappear from the surface, as shown in Figure 3-2 (d) - 1 7 3 [20]. Besides,
annealing temperatures can be carefully selected to maximise dislocation velocity,
hence increasing the chance of self-annihilation [18]. An intermediate layer grown
between LT and HT layer with a growth temperature gradient has also been introduced
both for chemical vapour deposition (CVD) [23, 24] and molecular beam epitaxy (MBE)
[25]. The mechanism behind this intermediate layer for TD density reduction is based
on thermodynamics. As has been well-studied, partial dislocations on certain low-
index glide planes can either annihilate or fuse through the diffuse glide and climb [21].
However, there exists an energy barrier for TD gliding and the probability of a TD trying
to overcome the energy barrier is related to the temperature and time between LT and
HT [25]. Consequently, a lower temperature ramping rate is preferential for the pursuit
of reducing TD density. 3) Using high concentration (> 108 cm) donor dopants like
Sb or As is proven to boost dislocation velocity [26], thus increasing the probability of
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dislocation annihilation. A single-bond energy model has also been reported to explain
the observed increase in TD velocity by As incorporation [27]. Given the weaker As-
Ge bond energy than Ge-Ge bond estimated from the model, the dislocation
propagation enabled by successive breaking bonds close to the TD is enhanced. A
TD density reduction of 1 x 108 cm2 has been achieved with 5 x 108 cm2 Sb doping
in the LT Ge layer and a final TD density of 2.6 x 108 cm™ was realised by a 500 nm

Ge buffer layer on Si [9].

Threading dislocation <+ AlAs
GaAs epilayer

| | Si substrates
(a) as-grown

‘ Specific dislocation
Si-diffused layer

(c)-1 (c)-2

pre

@-1 (@-2 (d)-3

Figure 3-2. TD reduction mechanism enabled by high-temperature thermal annealing. (a) A schematic image of
60° dislocation presents in as grown GaAs film on Si. (b) TD motion during high temperature annealing because
of thermal stress and increased vacancies. (c) i 11 3 The schematic illustrations of impeded TD motion in the Si-
diffused layer. The difference of TD velocities in the interface of Si-doped layer and undoped layer results in the
TD bending effect and the formation of pure edge dislocations. (d) - 17 3 TDs with opposite Burgers vectors react
and form a closed loop at the Si diffusion interface or annihilate with each other [20].

Besides, the method used to count TD density is also important for the investigation
of defects in Ge/Si growth. Etch-pit density counting (EPD) is more suitable for low TD
density in the range of ~ 108 cm, where plan-view transmission electron microscopy
(TEM) measurement results tend to be inaccurate. The shortcomings of EPD are that
in higher TD density levels i.e., over 108 cm?, etch-pits may merge with their neighbour

and make EPD statistically unsound and on the other hand, the high TD density will
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challenge the resolution limit of the optical microscope as well. From our experience,
the counted number may also be affected by the stoichiometric concentration of the
etchant and the etched surface may suffer from uneven etch rates thus leaving a
nonuniform surface, as shown in Figure 3-3. Besides, for low surface roughness
samples, the TDs can also be counted clearly from AFM images, however, with the
increase of surface roughness, TDs in the valley of the surface may not be detected
effectively, as indicated by the areas inside the white circles in Figure 3-4. In contrast,
electron channelling contrast imaging (ECCI) results are almost not affected by the
sample preparation, and the operation is more feasible. The existence of a defect will
cause the coherency of the crystal lattice and the channelling primary electron wave
field to be disturbed, followed by strong backscattering at the defect site. An example
of ECCI image is shown in Figure 3-5. Consequently, the defect will appear as a highly
contrasting feature compared with its background when a backscatter electron
detector is used in an SEM for sample observation. ECCI can be generally used for
both low defect density as well as high defect density samples by adjusting the

magnification according to requirement.

Height Sensor : 2.0 ym

Figure 3-3 Plan-view etch-pit density AFM images of the surface of the clean part of a Ge/Si sample. The etchant
used is CH3COOH/HNOs/HF (67:20:10) solution without I2.

7.5 nm

-7.5nm

0.0 Height 5.0 um
Figure 3-4 Atomic force microscopy (AFM) image of the surface of a 300 nm Ge/Si sample. Areas inside white
circles are valleys of the surface where threading dislocation counting is impractical.
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Figure 3-5 Electron chnnIIing contrast imng (ECCI) of the surface of a 400 nm Ge layer on Si substrate. The
counted threading dislocation density (TD density) is 2.47 x 108 cm™2.

3.3 Growth optimisation of Ge on Si

In this section, three-step growth method with an intermediate temperature-ramp
layer, surfactant Sb and thermal cycling were adopted as a starting point. To optimise
the Ge/Si growth to lower TD density and maintain a smooth surface within acceptable
overall thickness as a buffer for IlI-V lasers integrated on Si, mainly two series of
samples are discussed. In the first series of samples, focuses are put on the
fundamental growth aspects including the comparison between temperature-ramp
middle-temperature (MT) layer and temperature-constant MT layer, the growth
temperature of the low-temperature (LT) layer with Sb doping and the temperature of
the thermal cycling, the effect of Sb pre-layer and co-doping in the LT layer, with a thin
Ge layer of 300 nm. The aim is maintaining a thin buffer thickness while reducing the
TD density. In the second series, more details into the doping species, the growth rate
of the LT with doping layer, and temperature-ramp layer thickness, and TD reduction
with layer thickness for doped and undoped samples were investigated and compared
based on the promising preliminary results of the 300 nm samples. N-type 4° offcut
toward <110> Si substrates were used for all the samples grown in this project. AFM
was carried out for surface morphology probing and TD density counting; ECCI and
transmission electron microscopy (TEM) measurements were applied to present the
crystal quality of samples. TEM results demonstrated in this chapter were performed
by our collaborators from the University of Surrey, as highlighted in the

Acknowledgements.
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3.3.1 Effects of intermediate temperature-ramp layer
At first, the effects of the intermediate temperature-ramp MT layer are investigated.

For comparison, three samples with a thickness of 300 nm Ge were grown on Si. The

N* 4" offcut Si (001) substrate was first baked intheload-l ock (LL) chamber

to remove any water. Then, it would be degassed in the preparation chamber on the

degas station at 600 eC for 1 hour. The
deoxidiset he wafer at 1000 eC for 0.5 hours

schematic structures are shown in Figure 3-6, which were all initiated by an LT Ge
seed | ayer grown at 300 eC. Then the
(marked as MT) for the first two samples, their thicknesses were 180 nm and 220 nm,

respectively. The intermediate layer of the third sample was grown with a continuous

temperature ramp from the LT to 525 eC with

is that the growth rate should be high to match the high atom mobility at elevated
growth temperature because a low growth rate at high temperature will easily lead to
3D growth mode and that the ramp rate should be low to ensure enough time for
defects to glide. Therefore, we used the highest growth rate that can be obtained from
our Ge sources available for the intermediate layer growth, and the ramp rate is
calculated by dividing the thickness by the growth rate. Then the growth was followed
by ther mal cycling between 900 and 600

grown at 600 eC. The annealing templectecat ur es

based on the studies reporting that higher

in a more efficient TD density reduction [22, 28] and this effect will start to saturate
after around four repeats due to reemission accompanied by the coalescence of TDs
and new TDs generation [22]. 5 x 5 em? AFM images of the samples are presented in
Figure 3-7 (a1 c), and the root mean square (rms) roughness and TD density are
summarised in Figure 3-7 (d). The TD densities for the samples with 180 nm MT layer,
220 nm MT layer and 220 nm ramp temperature layer are 6.08 x 108 cm?, 5.4 x 108
cm?, 4.8 x 108 cm?, respectively. It can be concluded that a relatively thick
temperature-ramp layer (220 nm) is more advantageous for both low surface

roughness and TD density reduction for a sample with a total thickness of 300 nm.
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Figure 3-6 Schematic diagrams of Ge/Si without and with temperature-ramp layer.
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Figure 3-7 AFM images of samples with different intermediate layers (a1 c). (d) TD density and root mean square
(rms) roughness of the samples.

Moreover, the effects of the thickness of the temperature-ramp layer were also
investigated for Sb-doped LT layer samples. The comparison was carried out on two
500 nm Ge/Si samples. The schematic diagrams and the corresponding ECCI images
of grown structures are shown in Figure 3-8. One sample was grown with a 385 nm
temperature-ramp layer (Figure 3-8 (a)), followed by thermal cycling, and finished by
65 nm HT Ge. As an extreme case of increasing the thickness of the temperature-
ramp layer, the other sample was grown completely without the HT layer (Figure 3-8
(b)). The 385 nm ramp layer sample has a TD density of 1.31 x 108 cm2, while the
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450 nm ramp layer sample has a slightly higher TD density of 1.54 x 108 cm™, as can
be seen from Figure 3-8. This result demonstrates that the high temperature layer is
indispensable for high quality Ge growth on Si and has been verified with thicker
samples. Based on these results, the temperature-ramp layer thickness for 300 nm

Ge/Si samples is set as 220 nm and that for 500 nm Ge/Si samples is set as 385 nm.

Ther mal (X0/0610i9) g4

N 6mm HT(60®) Ther mal (x0y06I0i8n) g4
o 38bm Ramp Gkeayer 450m Ramp | ayer
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Figure 3-8 Schematic diagrams and corresponding ECCI images of samples with (a) 385 nm and (b) 450 nm
intermediate ramp layers.

3.3.2 Effects of doping

The effects of doping on surface roughness and TD density reduction have been
studied in this section aiming to find the appropriate doping density at proper doping
temperature. It has been reported that high concentration (> 108 cm) n-type dopant
As can increase whereas p-type dopant Ga will decrease the dislocation velocity in
Ge and that the dislocation velocity rises with increasing doping concentration [26, 29].
However, on the other hand, 1 ML As aided Ge growth on Si (001) substrate has also
been demonstrated to introduce strain-induced V-shape defects that cannot be
overgrown [30]. On the contrary, making a monolayer of Sb float on the epi-surface
can not only achieve strain relief but also leave a defect-free epitaxial Ge film on Si
(111) substrate by a self-annihilation mechanism [15]. In addition, group-V elements
such as Sb and P provide better passivation of step edges of Ge than group-IV
elements like Sn. Therefore, in the first instances, four samples with high Sb doping
concentrations were grown. The doping densities were 1 x 10'° cm=, 5 x 108 cm3 in
the LT layer and 1.5 x 108 cm3 in the ramp layer, 5 x 10'® cm™ in the LT layer and
background doping in the ramp layer, 5 x 108 cm in the LT layer, respectively, and
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were grown at a substrate temperature xr for LT layer, where xr =275 ¢ C. The tot a
thickness of these four samples is 300 nm. The schematic diagrams of the grown

structures are shown in Figure 3-9. However, these four samples suffered from severe

material segregation and the epilayer surface was milky due to Sb accumulation at the

surface. Ther ef ore, a substrate tempertadhghfer of 27
Sb concentrations over 5 x 108 cm-3,

50 nm HT Ge (600 3 )
Thermal cycling (900 ¢ 6003 ) R4
220 nm Ramp Ge (LT ¢ 5253 )
30 nm LT Ge (%73 ): with D (x5 P10 cm3)
4coffcut 9 substrate

Figure 3-9 Schematic diagram of the grown structures with Sb doping in LT Ge layer.

Then t he doping temperature was mai nt ai ne
concentration was reduced to 2.5 x 108 cm= and 1.25 x 108 cm for the next two
samples to avoid Sb segregation. After the growth, the sample surfaces are mirror-
like, and their 5 x 5 em? AFM images are shown in Figure 3-10. The surface roughness
is slightly decreased for the 2.5 x 10'® cm doped sample compared with the 1.25 x
10*8 cm= doped sample, which is 1.06 nm, and the TD density is lower (5.2 x 108 cm-
2) as well. This means more Sb incorporation is beneficial for TD density reduction.
Consequently, the next two samples were gr o)
225 eCcC, respe cxt 10¥ enh3yShb dopihgt tdh cord@paré the low doping
temperature on the crystal quality and at lower doping temperature, it is easier to
obtain higher doping concentration without phase segregation. It is shown that with
2.5 x 108 cm Sb doping, the TD density level of the sample grownat275e C i's t he
lowest. Further decreasing the growth temperature is detrimental to defect reduction

at this doping concentration (Figure 3-11).
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Figure 3-10AFM i mages of samples with LT Ge with different Sb do
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Figure 3-11 AFM images of samples with LT Ge with 2.5 x 10®¥cm3Sb doping grown at (a) 275

and (c) 225 eC.

Then, a further increase of doping concentration to 5 x 10'® cm2 was applied to
subsequent samples at different temper
condition, and the results are shown in Figure 3-12 (a1 c). A significant reduction in
surface roughness is observed for this higher doping regime. A rms roughness of 0.82
nm is obtained from the sampl e Meanwhile, TR
density is reduced to 4.4 x 108 cm, indicating that a lower growth temperature is more

suitable for higher Sb doping density (compared to the optimal growth temperature of

275 e C xfl@¥cm32Sbéoping).Dopi ng temperatures | ower

significantly elevated surface roughness (from 0.82 nm to 1.5 nm) and induces a bit
higher TD density (from 4.4 x 108 cm? to 5.4 x 10% cm™). It infers that a low
temperature is required to incorporate Sb, but a too low temperature may lead to
suppressed adatom mobility, hindering adatoms to migrate to appropriate lattice sites.
Moreover, further increasing the doping density to 1 x 10 cm™ shows a rms
roughness of 1.06 nm and a degraded TD density of 6.6 x 108 cm, as can be seen
in Figure 3-13.
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Figure 3-12 AFM images of samples with LT Ge with5x 10¥¥cm3Sb dopi ng grown at (a)

(c) 175 ecC.
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Figure 3-13 AFM image of the sample with LT Ge with 1 x 10®°cm®Sb dopi ng grown at

The TD density and surface roughness results of the first series of samples (300 nm)
are shown in Figure 3-14. From these results, an optimal doping condition among all
300 nm samples mentioned above is obtained for 5 x 10*® cm Sb doping grown at
225 eC, ch resul t>s10%cm? aad allow rodghness ioft0 B2

nm. A trend of TD density change with increasing Sb doping concentration (at the

wh i

optimal growth conditions for each concentration found in this study) is presented in
Figure 3-15. The effect of TD reduction by Sb incorporation in 300 nm Ge grown on Si

is maximised around at a doping concentration of 5 x 108 cm=.
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Figure 3-14 TD density (left axis) and surface roughness (right axis) of samples grown at various doping
concentrations and temperatures.
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Figure 3-15 TD density change with increasing Sb doping concentration (at the optimal growth condition found in
this study) for 300 nm Ge on Si samples.
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Later, different doping sequences and species were examined. 1) An Sb pre-layer
method was performed in comparison with continuous Sb supply during LT growth. 1
monolayer (ML) Sb growth before Ge deposition was applied by fully opening the Sb
cracker cell valve for 5 minutes, after that, no Sb was incorporated and the rest of
growth structure was the same, as shown in Figure 3-16. The dopant Sb acts as a
surfactant in this experiment, it passivates the surface with low-energy Sb atoms so
that deposited atoms will not recognise step edges or flat surfaces. When Ge adatoms
are deposited, an exchange process will happen between Sb and deposited Ge atoms,
where Sb atoms will always float at the surface, as described in surfactant-mediated
epitaxial growth in general [13]. The reason to test this pre-layer method is that the
exchange process also requires energy, thus there may exist differences in the effect
of roughness and defect reduction between the Sb pre-layer and continuous Sb flux
supply, where the epi-surface may be easier to be passivated during growth. The AFM
result of the Sb pre-layer method is presented in Figure 3-16 (b). The surface
roughness is 0.88 nm, and the TD density is estimated to be 7.0 x 108 cm? from the
AFM image. This result is inferior to the best sample (5 x 108 cm Sb doping grown
at 2 2oba T® Gensity of 4.4 x 108 cm™). It is thus deduced that ensuring enough
Sb atoms to passivate the surface during growth is significant to maximise the effects
of Sb doping. In this context, combining 1 ML Sb pre-layer and Sb incorporation in the

LT layer could be a better option for future growth.
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Figure 3-16 (a) Schematic structure and (b) AFM image of the sample with 1 ML Sb before LT Ge growth.

2) Co-doping method has also been investigated because of documented benefits
of increasing the total doping concentration and reducing TD density [31]. The co-
doping method applies two types of dopants at the same time, the motivation is that
the microscopic strain field induced by one type of dopant may facilitate the
incorporation of the other type of dopant into substitutional lattice sites. Besides,

because Si atoms are smaller than Ge, the compensated strain may be helpful for Sb
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atoms to incorporate into the Ge lattice. Therefore, two samples with Si and Sb
dopants were grown with different doping structures. For the first sample, Sb and Si
were co-doped in the LT Ge at a substrate temperature of 225 e C. The Sb
concentration was 5 x 10 cm= while the Si composition was 1%. The schematic
growth structure is shown in Figure 3-17 (a). And for the second sample, as we know,
the high crystal-quality growth of Si favours high temperatures, the doping of Si is
carried out at a relatively higher temperature in the temperature-ramp layer and HT
Ge layer and Sb doping is maintained at the LT layer. The schematic growth structure
is shown in Figure 3-17 (b). AFM results shown in Figure 3-17 (c) and (d) demonstrate
some support for the proposed growth method, that both TD density and rms
roughness are improved for the sample where Si was incorporated at a higher
temperature. However, compared to the Sb-only LT layer sample grown at optimal
condition, the effect of Si seems trivial. Besides, elevated surface roughness
compared with Sb-doped-only samples may indicate that tetravalent Si itself is not a
promising candidate for Ge surface passivation. Three samples were grown with the

same condition to verify the doping effect of Si.
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Figure 3-17 Schematic structure and AFM image of Sb and Si co-doped Ge on Si samples

Group-IV surfactant P can be a good candidate for this co-doping method as it is a
pentavalent atom, and has been reported to enhance TD mobility [31]. A sample with
P doping in the LT layer was investigated for a 500 nm Ge/Si sample (Figure 3-18 (a)),
which results a reduced TD density of 1.83 x 108 cm?, as shown in Figure 3-18 (b).

Our later experiments (after the submission of this thesis) have demonstrated positive

71



effects of P doping and co-doping with P and Sb on TD density reduction during the
Ge growth on Si.
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Figure 3-18 (a) Growth structure and (b) ECCI image of P-doped 500 nm Ge/Si.

3.3.3 Effects of thickness

For the second series of samples, the relationship between thickness and TD
density was first investigated. This relationship has been well-studied both
theoretically and examined experimentally in the literature for un-doped Ge/Si growth
to be inversely proportional to layer thickness [21, 32]. The notion of line tension, which
is the increase in energy per unit increase in the length of a dislocation line, was
proposed to explain the correlation between film thickness and increased TD
interaction [33]. The line tension of a dislocation is analogous to the surface tension of
a liquid, and it will tend to straighten the line and reduce the total energy by producing
forces perpendicular to the dislocation and towards the centre of the curvature.
Therefore, considering the attractive force between adjacent TDs within certain
spacing, the minimum stable separation can be determined by the balance of the
attractive force between TDs and the line tension associated with misfit dislocations
[21]. The TD density reduction effect with increasing thickness tends to saturate when
TD density gradually becomes smaller and the spacing between adjacent TDs
increases. However, the correlation between thickness and TD density for doped Ge
has not been sufficiently investigated compared to the undoped Ge on Si growth. In
this section, the effects of thickness on TD density reduction have been studied for
un-doped and doped Ge/Si and the obtained results will help in choosing the growth
parameters for Si-based platforms according to requirements at ease.

300 nm, 400 nm and 500 nm un-doped and doped samples were grown for
comparison. For the un-doped samples, the thickness of each layer is shown in Figure
3-19 (ai c). The increase in thickness is mainly inserted in the temperature-ramp layer

to allow a higher possibility of TD self-annihilation. The TD density estimated from
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ECCl is 6.72 x 108 cm for 300 nm un-doped Ge/Si, 2.47 x 108 cm? and 2.45 x 108
cm? for 400 nm and 500 nm un-doped samples, respectively, as shown in Figure 3-
19 (d 71 f). The TD density almost remains the same for 400 nm and 500 nm undoped
samples. It is thus interpreted that the TD density reduction effect with thickness is
limited to the overall TD density within the grown material as the equilibrium TD
spacing is dependent on the balance of the attractive force between adjacent TDs and
the line tension related to lattice mismatch as mentioned above. Without external
intervention, TD density will be difficult to decrease after reaching this balanced TD
spacing. On the contrary, for doped samples, where the layer structure is shown in
Figure 3-20 (a i c), although the TD density for 400 nm Ge/Si sample is higher than
un-doped 300 nm sample, the TD density reduction trend continues, decreasing from
4.86 x 108 cm2to 1.31 x 108 cm for the 500 nm sample as shown in Figure 3-20 (d
i ), respectively. The comparison of the TD density with thickness for doped and un-
doped samples is summarised in Figure 3-21. And therefore, thicker Ge layers up to
1 em were grown using a heavily-doped LT seed layer to further investigate the TD

density reduction effect.
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Figure 3-19 Schematic structures and ECCI images of 300 nm, 400 nm, and 500 nm un-doped Ge/Si samples.
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Figure 3-21 Comparison of TD density with a thickness of un-doped and doped samples. The exponential fitting
has been applied to both as indicated by solid lines.

The schematic diagram of the grown 1 em Ge on Si is shown in Figure 3-22. Heavily

doped LT layers were first grown, followed by 400 nm temperature ramp layer and 450
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nm Ge grown at 525 eC. Then 4 repeats of
finalised with 100 nm HT high crystal quality Ge to smoothen the surface. As expected,

the TD density keep decreasing to 3.3 x 10’ cm for 1 em doped sample, which is a

great improvement and the lowest value obtained in our group for 1 em Ge on Si
characterised by ECCI.

A comparison of the ECCI images of the lowest TD density values 300 nm, 400 nm,
500 nm and 1 em Ge on Si samples are presented in Figure 3-23 (ai d), respectively.
A dramatic decrease in TD density can be observed for 1 em samples compared to
300 nm, 400 nm, and 500 nm samples. Experimental results as well as the exponential
fitting line of TD density reduction with increasing thickness can be seen in Figure 3-
24. From the initial 500 nanometres, TD density drops rapidly with growth thickness,

and this reduction gradually comes to a plateau as the thickness reaches ~ 1 em.

100 nm HT Ge (600 3 )
Thermal cycling (900 ¢ 6003 ) R4
450 nm MT Ge at 5253
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Figure 3-23 ECCI images of the lowest TD density 300 nm, 400 nm, 500 nm and 1 em Ge samples on Si.
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Figure 3-24 A plot of TD density with increasing thickness of all doped-seed-layer Ge/Si samples. The
exponential fitting has been applied as indicated by the red solid line.

In addition to the overall thickness, the effect of the LT thickness on TD density has
also been examined because, during the investigation of overall thickness, the
thickness of LT has also been increased. To find out the origin of TD density reduction,
a sample with a thicker LT layer of 60 nm was grown to compare with a 50 nm LT layer
sample. The ECCI result presented in Figure 3-25 demonstrates that a thicker LT layer
is detrimental to TD density reduction and that the TD density reduction effect should

come from the increase in the total thickness rather than the LT thickness.

@5mm LT | ay:elB31 16cnfT DD 0)6mm LT | ay.e8d16c DD .

Figure 3-25 ECCI images of 500 nm samples with (a) 50 nm and (b) 60 nm LT layers, respectively.

3.3.4 Effects of growth rate

In this section, different growth rates were used in the LT layer to investigate the
effect of growth rate on Ge epilayer crystal quality on Si. 0.54 A/s and 0.66 A/s Ge
growth rates were examined for two 300 nm samples with Sb doping. The doping
profile is the same as described in the previous section. 30 nm LT layer with 5 x 108

cm2 Sb doping was first deposited on Si substrate, followed by 220 nm temperature-

76



ramp layer and thermal cycling, and finished by 50 nm HT Ge to improve the surface
morphology. In the 3-step growth method adopted by us for samples in series | and
1, a low growth rate of the LT layer of around 0.54 A/s was applied, this is to secure
the high crystal quality of the nucleation layer. Generally, a low growth rate should be
used for LT growth to allow sufficient time for atoms to migrate on the surface. The
ECCI results of the grown samples are shown in Figure 3-26. An increase in TD
density was found for the higher growth rate samples, and therefore the growth rates
for the rest of the samples were kept at 0.54 A/s for the LT layer. However, as the
effect is not manifest, and keeping the growth at low temperature for an extended time
can be detrimental to the material quality (increase the chance of the impingement of
impurities), further decreasing the growth rate of the LT layer was not planned

deliberately.
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Figure 3-26 ECCI images of samples with LT Ge growth rates of (a) 0.54 A/s and (b) 0.64 A/s.

3.3.5 Effects of thermal annealing

Cyclic thermal annealing is a well-studied technique for TD density reduction in
Ge/Si epitaxial growth. It is carried out by increasing the substrate temperature to a
higher temperature (Tn) e.g., 900 e Cjust after the temperature-ramp layer, then
decreasing to a lower temperature (T.), suchas 6 0 0 , ag i@dicated in the schematic
growth structure in Figure 3-27 (a). A repeat of this heating-up and cooling process is
called a thermal cycle. The number of thermal cycle is N in Figure 3-17 (a). After
thermal cycling, the substrate temperature will be decreased to 600 ¢ dor HT Ge
growth. The thermally induced strain and energy will boost the motion of TDs and
enhance the possibility of self-annihilation. Increasing the number of annealing cycles

is shown to facilitate TD reduction for a 1 em Ge grown on Si, and the temperatures

weresetas900e C and 780 eC to maxi nii8 dowevérenosSI D mot i

of the results in the literature involve thick (> 1 em) Ge on Si, from the perspective of

reducing buffer thickness while maintaining low TD density, the effects of thermal
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annealing on a relatively thin Ge layer on Si should be investigated. In this section,
different annealing strategies were studied for 300 nm, 500 nm and 1 em Ge/Si
samples.
1) Two 300 nm samples with 4 repeats of (900 e G 6 00 e C) 0ir4 0(09 0e0C)e C

were grown for comparison. The schematic growth structure and AFM images of the
two samples are shown in Figure 3-27. It is demonstrated that both surface roughness
and TD density can be decreased with higher annealing temperatures, which is a
result of high temperature-induced improved crystal quality and enhanced high TD

mobility.
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Figure 3-27 (a) The schematic structure of the grown samples, N is the number of thermal cycles. (b) and (c)
AFM images of samples with thermal cycling temperaturesb et ween 900 eC and 9%0000 eC amd be
400 eC, respectively

2) The effect of the number of thermal annealing cycles on TD density was also
tested for 500 nm and 1 em Ge on Si samples. The ECCI results of 500 nm and 1 em
Ge on Si samples with different thermal cycles are shown in Figure 3-28. TD density
reduces with thermal cycles increasing from 4 to 12 for a 1 em sample, which is as
expected because more annealing cycles provide more time for TDs to interact and
annihilate. However, such behaviour for 500 nm samples is anomalous. For the
sample annealed for 8 repeats, the TD density increase to 1.76 x 108 cm compared
to 4 repeats (1.31 x 108 cm2). For the sample annealed for 12 repeats, TD density

shows a slight decrease (1.63 x 108 cm?) compare to 8 repeats but is still higher than
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4 repeats of thermal cycling. This behaviour can be explained by the possibility that
500 nm thickness is too thin for TDs to bend, attract and finally annihilate with each
other so that they arrive at the surface before merging. In contrast, thicker samples

allow more sufficient time for TDs to interact. A comparison of thermal cyclic annealing

on TD density for 500 nm and 1 em sampl es
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Figure 3-2B8E CC | i ma g e Ge sanipleslwitte(a) 4 and (b) 12 thermal annealing cycles, and 500 nm Ge on
Si with (c) 4, (d) 8, and (e) 12 thermal annealing cycles. A comparison of thermal cyclic annealing on TD density
for 500 nm and 1 em sémples are presented in

3.4 Conclusions

The objective of the work described in this chapter is to reduce the TD density while
maintaining a thin buffer thickness of epitaxially grown Ge on Si for the integration of
group IV and IlI-V optoelectronic devices on Si. To achieve this goal, the growth
optimisation of the Ge buffer was investigated in the following aspects:

1. The implementation of a heavily doped Ge seed layer. The doping species
should be selected to ensure the acceleration of TD motion to reduce TD density and

79

ar



the dopant is also required to fully passivate the surface so that it can facilitate layer-
by-layer growth. Sb is examined to be a superior choice than P or Si both from the
perspective of TD density reduction and surface smoothness. As the TD speed
increases with doping density in the LT seed layer, a large doping density is desired,
and at the same time, the growth temperature is critical to avoid dopant segregation
at different doping concentrations and to maintain the effectiveness of the dopants in
TD density reduction. Besides, the LT seed layer thickness is not the most important
factor in TD density reduction, an increase in this layer thickness is shown to
deteriorate the crystal quality of the grown Ge film on Si.

2. The adoption of a temperature-ramped layer. From the perspective of
thermodynamics, the TD density reduction favours high growth temperature and
longer time between LT and HT layer. Therefore, the temperature ramp should be
selected to balance this trade-off. A larger thickness before the thermal cycling is
beneficial for TD density reduction.

3. The use of thermal cycling (4/8/12 repeats were applied). The thermal stress
generated between the heating-up and cooling-down process will drive the TDs to
move in the material and increase the possibility of annihilation. More repeats of
thermal cycling are examined to be more efficient for relatively thick samples, i.e., for
samples in this chapter, ~ 1000 nm. For thinner samples, TDs may not be fully bent
and thus annihilate with adjacent TDs and arrive at the surface before they can be
merged.

4. Total thickness of the Ge buffer layer (300/400/500/1000 nm). TD density is
reversely related to the thickness of grown Ge on Si. The TD density reduction effect
for samples with a heavily doped LT Ge layer will saturate at around 1000 nm.

5. Sb pre-layer technology. 1 ML Sb deposition before LT Ge layer growth was
investigated to compare with continuous Sb supply during Ge growth. It is shown that
sufficient Sb supply is required to maintain layer-by-layer growth while reducing TD
density.

6. Sb and Si co-doping in the low-temperature Ge layer. The co-doping method
has also been tested to prove if the dopants can facilitate the incorporation of each
other. Sb and Si were applied at the same time in the LT Ge layer from the
consideration of strain compensation of large Sb and small Si atoms compared to Ge.
However, this method is not promising both from the aspect of surface roughness and
TD density. Sb and P could be a better choice for the co-doping method as they are
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both n-type dopants, which are expected to boost TD motion, and P atoms are small
to release strain introduced by Sb. Our preliminary research on co-doping method
using P and Sb have shown come promising results in reducing TD density while

maintain a good surface quality.
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Chapter 4.

GeSn for Light Emitting
Applications

4.1 Introduction

4.1.1 Challenges

GexSnix alloy has received considerable attention in recent years as it overcomes
the indirect-bandgap nature of group-IlV materials, rendering all-group-1V
optoelectronic devices possible. The development of GexSnix alloy potentially
enables the scalability of the fabrication of group-1V photonic integrated circuits with
low cost and can be used for extremely high throughput data centres. The successful
indirect-to-direct bandgap transition of GexSnix depends mainly on Sn composition
and strain engineering. The direct character of the GexSnix bandgap grows
continuously with increasing Sn composition due to the Sn-induced conduction band
mixing effect [1] while a direct-to-indirect bandgap crossover is shown to happen with
around 8% Sn [2]. For light emission purposes, higher Sn content is favourable
because it increases the directness (the &en

minimum) and thus radiative recombination. The optical transition rate w is:
0 Tg‘) s Qo 4.1
where M is the matrix element of the transition operator from an initial state to a final

state and the transition operator is determined by the type of interaction that induces
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the transition between quantum states; 9 s describes the transition probability, and

"Qa] represents the density of states expressed as

z

Q3 Q0 —

ael 4.2
As the conduction band effective mass at L point is much higher, a slight increase in
directness strongly affects the radiative emission [3]. Earlier studies have made great
efforts to grow crystalline GeSn with high Sn content up to approximately 30 % [4, 5].
However, Sn atoms has lower surface energy than Ge, and the solid solubility of U-Sn
in Ge is very low (less than 1 % at room temperature), while Sn segregation can be
observed at typical Ge growth temperatures ¢ o i@ 11 7C). Crystalline "OQ “Y¢
growth with @ 18t 11 is found to show compositional metastability and thus can only
be accomplished by non-equilibrium methods such as CVD and MBE [6] at low
temperatures. Moreover, as the lattice mismatch between U-Sn (6.46 A [7]) and Ge is
large (14.2 %), the Sn composition required for a direct-bandgap transition of 8% will
introduce a lattice mismatch of 1.1 % to Ge. An increase in hominal Sn composition
during growth will exacerbate the tendency of Sn segregation, and crystal quality will
also degrade as the increasing lattice mismatch induces more misfit dislocations.
These defects act as preferential diffusion network for Sn, which enhance the Sn
diffusivity by two to three orders of magnitude [8], i.e., pre-relaxed GeSn layers may
exhibit thinner critical thickness before Sn segregation happens. Therefore, Sn out-
diffusion and accumulated strain in the epilayers can easily lead to an epitaxial
breakdown, as observed by a dramatic surface roughness jump, at low thicknesses,
e.g., for 10 % Sn GeSn, the epitaxial breakdown thickness is less than 200nm. On the
other hand, higher Sn composition imposes more compressive strain to GeSn, which
is proven to cancel the G-valley shrinkage effect by alloying with Sn [9, 10] and limits
Snincorporation to Ge lattice sites [11], hindering the achievement of a direct bandgap.
4.1.2 MBE Growth of GeSn

Many approaches have been implemented to overcome the aforementioned
difficulties to obtain direct bandgap GeSn for light emitting applications based on Si
platform. For example, the induced tensile strain helps to increase the direct character
of the GeSn bandgap beneficial to light emission without affecting crystal quality
significantly. Aided by tensile strain, the amount of Sn required for achieving direct
bandgap can be largely reduced, which led to a demonstration of low lasing threshold
optically-pumped GeSn laser with only 5.4 % Sn [12]. This compensated Sn
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composition brings mediated tendency of Sn segregation, and lower chance of defects
generation, which are all benefits for light emission purposes. Besides, fabricating
tensor arms [13], and depositing stressors and structuring microdisks [9, 12, 14], all
contribute to the tailoring of GeSn bandgap and pushing the performance of the GeSn
lasers towards room temperature operation and lower threshold operating power.
Maximising the benefit of Sn-incorporation-induced direct-bandgap character while
obtaining improved crystal quality is consequently of paramount pursuit of research
related to GeSn-based laser devices.

Apart from post-growth fabrication approaches, from the growth aspect substantial
endeavours have also been made:
4.1.2.1 Low-temperature growth regime

The material growth temperature of GeSn is critical. Optimised GeSn growth
temperature for CVD is around 350 3 [10, 13-19] while that for MBE growth, where
the typical two-step growth temperatures of Ge are around 300 to 600 3 , is too high
for GeSn. Temperatures below the eutectic temperature of 231.1 3 are usually
applied for GeSn growth because low temperature-induced point defects are thought
to contribute to Sn trapping by lowering the local strain around Sn atoms and
enhancing lateral misfit dislocation propagation thus mitigating Sn precipitation [20].
Therefore, a usual MBE growth temperature for growing direct-bandgap GeSn is
between 1207 200 3 [4, 19, 21-23]. A growth temperature of 1503 by MBE is proven
to be beneficial for the crystallinity of epitaxial growth of GeSn on Ge (110) and results
in no stacking faults nor Sn segregation at 4.8 % Sn [22]. Further reducing the growth
temperature to 1203 could successfully contributes to crystalline GeSn with very
high Sn content of 25 % [4]. Besides, it is found that the epitaxial breakdown, where
the surface roughness increases dramatically while the growth mode changes from
two-dimensional to three-dimensional, is closely related to Sn composition and
decreases linearly with growth temperature: with Sn composition less than 2 %,
epitaxial breakdown is larger than pure Ge; with Sn content between 2 i 6 %, this
critical thickness (the maximum thickness before epitaxial breakdown) varies inversely
with Sn content in the range of 1007 1000 nm [21]; and with Sn composition between
5% and 20%, almost linear decreases in critical thickness are found both with
increasing Sn composition and growth temperature. Specifically, the critical thickness

for GeSn layers grown on Ge-virtual substrate with over 15 % Sn can be as low as
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around 10 nm. And for similar Sn composition GeSn layers, a critical thickness of less
than 100 nm is found if the growth temperature exceeds 160 3  [4].
4.1.2.2 Ge virtual substrates and graded-compositional (Si)GeSn buffer layers

Apart from low-temperature growth, thick GeSn layers demonstrate positive effects
of accommodating tetragonal compressive strain by the generation of a point-defect-
aided misfit dislocation network at the GeSn/Ge interface [10]. As dislocations are
trapped within the interface of the graded GeSn buffer, bulk GeSn shows improved
crystal quality. Likewise, applying graded (Si)GeSn buffer layers [24-26], which
alleviate the lattice mismatch between GeSn and the substrate (usually Si) or even
apply tensile strain to engineer the band structure of GeSn, helps to mitigate Sn
segregation and MDs generation. Atomically flat GeSn with Sn content up to 22.3%
[11] and PL at wavelengths of 3.0 i 3.5 &[23] can be achieved using such
compositional-graded buffer layers. These solutions are effective because they either
accommodate the cumulated strain or release the strain by introduction of defects
within the buffer layers. During device fabrication, the structure can be designed to
avoid carriers passing through the buffer and the substrate. Additionally, it has been
confirmed by Gibbs free energy calculation that the limitation of Sn incorporation is
mainly due to compressive strain rather than chemical reaction dynamics, and through
spontaneous relaxation of GeSn enhanced Sn incorporation and thick layers (up to
1 & can be achieved with graded composition layers [10, 11].
4.1.2.3 Thermal treatments

Thermal annealing, as a widely used approach for strain relaxation, is usually
unfavoured for GeSn because of the low solubility of Sn in Ge and the metastable
nature of GeSn with even moderate Sn composition. After reaching certain critical
annealing temperature, Sn segregation phenomenon arises, where Sn clusters
deposit at the GeSn surface, at the GeSn/Ge interface or in bulk. It causes dramatically
increased surface roughness, reduced lattice parameters and significantly varied
surface morphology. Out of consideration for thermal processing during device
fabrication, the thermal stability of GeSn has been investigated and reported by a few
tens of papers.

The thermal budget for GeSn depends heavily on Sn composition, strain state within
epilayer and growth conditions [8, 27]. For the epitaxial growth of GeSn with higher Sn

content on Ge/Si, where the lattice mismatch is large, Sn segregation happens at
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lower annealing temperature as the strain needs to be released either through the
generation of misfit dislocations or Sn out-diffusion [8]. Examples can be given in ref.
[28] that used indirect-direct crossover Sn content of around 8% with some extent of
strain relaxation within the as-grown layer. Specifically, post-growth annealing of
Geo.915Sno.0oss at temperatures ranging from just above growth temperature up to
300 °C makes no difference to the surface morphology; annealing between 300 i1
5003 changes surface roughness and Sn composition, while annealing temperatures
higher than 500 i 550 °C causes obvious Sn diffusion out of Ge and accumulation on
the epilayer surface. In comparison, annealing of Geo.9232Sho.o7es only induces
changes in surface morphology and Sn content when the annealing temperature
reaches 500 °C, and Sn segregation occurs at 700 °C [28].

Moreover, misfit and threading dislocations are proved to accelerate Sn diffusion,
thus thick pre-relaxed GeSn layers can sustain higher temperature annealing than
pseudomorphically grown layers but with a sharp transition from a high Sn-content
alloy to a stable 1% Sn alloy [8] . In fact, after reaching the critical temperature, Sn
segregation powered by the lower surface energy of Sn can be seen either suddenly
in pre-relaxed GeSn layers or progressively in pseudomorphic GeSn. This behaviour
can be explained by the enhanced Sn diffusivity in defects (misfit dislocations and
threading dislocations) induced by plastically relaxed GeSn layers. Because the pre-
existing dislocation cores act as a preferential diffusion network, Sn precipitation can
be observed both on the interface between GeSn and its underneath layer and on the
surface for partially relaxed GeSn while for pseudomorphic GeSn layers only surface
Sn clusters are observed [8]. An example is given in ref [8] that by varying Sn
composition while maintaining the thickness, for partially relaxed GeSn layers the
onset of Sn segregation is abrupt and the corresponding annealing temperature
decreases steadily with increasing Sn composition, for example, a sudden Sn
segregation is observed at 650 °C for Geo.gsSno.os while it is around 350 °C for
Geo.s8Sno.12. In pseudomorphic growth, the onset of Sn segregation process is gradual
and starts at a lower temperature.

Additionally, low-temperature-growth-induced point defects also affect the
behaviour of Sn clusters formation, as they aid the lateral propagation of misfit
dislocations and help to bind Sn atoms, reducing the strain in GeSn epilayers or local
strain around Sn atoms [20]. The positive effects of thermal annealing include

improved strain relaxation and crystal quality [10, 27-29]. However, as the thermal
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annealing effects are highly sensitive to initial material conditions, i.e., the results can
vary significantly with different material parameters, thorough investigations are still

demanded for research with different purposes.

4.1.3 Aim

As discussed above the growth of GeSn is challenging and highly dependent on the
nominal composition of Sn, defect level and the strain within the GeSn layers. Provided
that a higher Sn composition is favourable for light emission purposes, this chapter
focuses on the growth optimisation of the buffer layer by a strain compensation method
(section 4.2) for the growth of active-region direct-bandgap GeSn and the
investigations on thermal budget of GeSn during post-growth processing for device
fabrication purposes (section 4.3). An in-situ low temperature annealing approach has
also been developed to facilitate high quality composition-graded GeSn buffer layer
growth (section 4.4). For the ultimate application of GeSn-based materials for
optoelectronic devices, MQW structure has been developed (section 4.5) and
characterised by AFM, HRXRD and TEM analyses.

4.2 Strain-Compensation Method

In this section, the effects of a novel strain-compensation method inserting ultra-thin
Ge layers within the bulk GeSn are investigated. Initially, a reference sample with a
nominal Sn composition of 5 % and a thickness of 200 nm was grown on Ge (001)
substrate. The growth structure is shown in the inset of Figure 4-1 (a). The sample has
been grown by a solid source Veeco Gen 930 MBE system, the one described in
Section 2.1 of this thesis. Before the growth started, the Ge substrate was first baked
in the load-lock chamber at 200 °C for 12 hours to remove the water vapour. Then it
was degassed in the preparation chamber at 400 °C for one hour. The final preparation
step is to deoxidise the substrate and get rid of any remaining oxides. This was
achieved by elevating the substrate temperature to 700 °C and kept for 30 minutes.
After the deoxidation process and cooling down to around 250 °C, very bright and
smooth 2 x 2 RHEED patterns were observed, symbolising a high-quality very flat
epitaxial surface. Following that is the deposition of a 12-nm Ge layer at 250 °C to
further ensure the surface quality. Then the substrate temperature was cooled to
125 °C and 200 nm Geo.95Sno.os was grown at 125 °C.

The composition of the grown GeSn film was examined by XRD. The symmetric

Omega-2 Theta scan along (004) lattice plane is demonstrated in Figure 4-1 (a). A
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narrow GeSn peak with diffraction patterns is observed left to the Ge substrate, which
characterises a Sn composition of 5.4 % with high crystal quality. The diffraction peaks
along the GeSn peak are due to the thin film thickness. From these initial results of
the reference sample with a nominal Sn composition of 5%, where the lattice mismatch
is as low as 0.7 %, a large surface roughness or an epitaxial breakdown is expected
for the growth of higher Sn composition GeSn used for the active region of a light-
emitting device, i.e., above 8 % Sn content.

The surface morphology was characterised by AFM, and 1 x 1 em? and 5 x 5 em?
results are showninFigure4-1 (b) and (c), respectid{vYeked Un
features can be observed on the surface from the 1 em? image, which reflect the
process of strain relaxation through the generation of islands. A root-mean-square

roughness (rms) of 1.06 nm is estimated from the 5 x 5 em? AFM image.
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Figure 4-1. (a) The HRRD Omega-2Theta scan along (004) crystal plane and the schematic growth structure of
the reference sample with 5 % Sn. The inset shows the growth structure. (b) 1 x 1 em?, and (c) 5 x 5 em? AFM
images of the reference sample with a nominal Sn composition of 5 %, respectively.

To obtain high-quality GeSn active region with high Sn composition, a strain-

compensation method along with different techniques to get smoother surfaces is
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applied to the growth of 10 % GeSn layer on Ge substrates. The growth structures are
shown in Figure 4-2 (a1 c), respectively.
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Figure 4-2 (a1 c) Schematic growth structures of samples applying the strain-compensation method. Specifically,
the layer structure of 150 nm GeogeSnoa with Ge insertion layers is shown in (a), layer structure of 150 nm
Sio.013Geo.887Sno.1 With Ge insertion layers is shown in (b) and that of 150 nm Geo.9Sno.1:Sb with Ge insertion layers
is presented in (c). (d) 2 x 2 RHEED patterns observed after the deoxidation of Ge substrate; (e) and (f) RHEED
patterns after a layer of Geo.9Sno.1 growth and after a thin 3-nm Ge insertion layer growth, respectively. (g i i) 1 x
1 em? AFM images of the three samples; (ji 1) 5 x 5 em? AFM images of the samples.
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The strain-compensation method is expected to accommodate the heteroepitaxial
strain induced by Sn incorporation by interrupting the strain build-up with the growth
of an ultra-thin Ge layer during the GeSn growth. Therefore, the initial growth was
designed to be that after each 40 nm Geo.9Sno.1, @ 3-nm Ge layer was inserted, and
the total thickness of GeSn is 150 nm, as shown in Figure 4-2(a). During the growth,
the surface morphology was investigated by RHEED, where an immediate surface
morphology change could be observed upon the growth of the Ge insertion layer. The
RHEED patterns just after the deoxidation process are bright and streaky 2 x 2
constructions, which are presented in Figure 4-2(d), demonstrating a smooth two-
dimensional morphology. The RHEED observations before and after the Ge insertion
layer growth are shown in Figure 4-2 (e) and (f), respectively. Just after a few
nanometres of Geo.oSno.1 growth, the smooth and streaky fundamental patterns will
become intermittent and spotty. At the same time, the diffraction patterns disappeared
after a few seconds, leaving the 1 x 1 patterns which demonstrate the roughening of
the surface. In stark contrast, immediately after the start of the Ge insertion layer
growth, the streaky patterns were resumed, although the diffraction patterns are not
recovered, as shown in Figure 4-2(f). This smoothening mechanism was observed to
be effective during the whole 150 nm Geo.9Sno.1 growth. Despite the extent of surface
smoothening effects degraded with increasing thickness. The surface morphology of
the sample with Ge insertion layer is characterised by 1 x 1 em?and 5 x 5 em? AFM
images, as shown in Figure 4-2(g) and (j), respectively. A rms of 0.836 nm is obtained
from the 5 x 5 em? AFM image, which is even lower than the Geo.ssSno.os reference
sample.

In order to further improve the growth technique, SiGeSn and surfactant-mediated
growth method are combined with the strain-compensation technique. From the
perspective of epitaxial growth, SiGeSn can act as a buffer layer between GeSn and
Si or Ge because of its intermediate lattice constant, which is controllable with Si and
Sn composition. Moreover, from the device aspect, SiGeSn can be a superior barrier
material than bare Ge, as the bandgap is also manipulatable by Si and Sn composition
and is potentially capable of providing better electron confinement. Zhou et al have
theoretically and experimentally proved the effectiveness of using SiGeSn instead of
Ge as the cap layer in realising better laser performance [30]. Electrically injected
GeSn laser has been achieved based on SiGeSn buffer layer and barrier layers [31].

In this study, Sio.013Geo.8s7Sno.1 is used in combination with the strain-compensation
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method because the lattice constant is almost identical to Geo.oSno.1, which are 5.7352
v and 5.7382 v, respectively. The growth structure is shown in Figure 4-2(b). The
smaller Si atoms are expected to accommodate the local strain brought by large Sn
atoms. The 1 x 1 em?and 5 x 5 em? AFM images are presented in Figure 4-2(h) and
(k), respectively. The surface of the Sio.o13Geo.ss7Sno.1 with Ge insertion layers is
smoother than that of the Geo.sSno.1 with Ge insertion layers, which can be confirmed
from the rms roughness of the 25 em? AFM images. The rms is only 0.555 nm for 150
nm Geo.9Sno.1 grown on Ge substrate.

Then, the effect of surfactant is also examined for GeSn growth. This was inspired
by the Ge on Si growth, that the Sb surfactant always tends to float on the surface,
passivating the step edges and the flat surfaces and facilitating the two-dimensional
growth. In addition, the incorporation of Sn in the epitaxial GeSn film can be enhanced
by surfactant Sb, which has been reported recently by different research groups [32,
33]. Therefore, Sb doping of a density of 1 x 108 cm™ was applied to the Geo.eSno.1
growth with Ge insertion layers. The growth structure is shown in Figure 4-2(c). The
surface morphology is revealed by 1 x 1 em?and 5 x 5 em? AFM images in Figure 4-
2(i) and (I), respectively. A rms roughness of 0.763 nm is obtained from the 25 ¢m?
AFM image, which is slightly improved compared with the sample without the
surfactant.

HRXRD symmetric omega-2theta scans around (004) lattice plane were also
applied to probe the growth-direction lattice parameters. As shown in Figure 4-3 (a1
c), the normalised intensities correspond to Geo.9sSno.1, Sio.013Geo.ss7Sno.1, and
Geo.9Sno.1:Sh, respectively, and Figure 3 (d) is a summary plot for intuitive comparison.
Due to the thin Ge insertion layer, periodic diffraction satellite peaks accompanying
the GeSn peak, which is the highest peak left to the Ge peak, can be observed for all
three samples, which is also a reflection of the high crystallinity. The lattice parameters
calculated from the GeSn peak positions are 5.74 v, 5.73 v, 5.74 v, respectively for
Figure 4-3 (a1 c), which well match the nominal values for Geo.eSno.1. In Figure 4-3
(d), the peak positions of Ge substrate have been normalised to O for the comparison
of different samples. As expected, for the Sio.013Geo.ss7Sno.1 sample, a clear shift
towards zero is observed, whereas for the sample with Sb, it presents an obvious shift
to the left, when comparing with the peak position of Geo.oeSno.1. This is because the

incorporation of Si will result in a smaller lattice constant while the presence of Sb
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increases the lattice size. The peak intensities of GeSn and Ge are almost identical
for the three samples, indicating no distinguishable crystal quality degradation induced

by the third atoms.
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Figure 4-3 (a1 ¢) HRXRD symmetric omega-2theta scans around (004) lattice plane for samples of Geo.9Sho.,
Sio.013Geo.887Sno.1 and Geo.osSno.1:Sb with Ge insertion layers, respectively; (d) A comparison of three samples.

In summary, in this section, a strain-compensation method applying thin Ge layers
to prohibit strain build-up has been implemented in combination with SiGeSn and
surfactant to facilitate the growth of high Sn composition GeSn for light emission
applications. It has been found that this method is effective for the direct growth of
Geo.9Sno.1 on Ge up to a thickness of 150 nm. The effectiveness of this method will
gradually degrade with increasing deposition thickness. With the help of a little amount
of Si incorporation or surfactant facilitation, the obtained rms can be reduced to 0.56
nm and 0.76 nm, respectively, which are very low for 150 nm Geo.eSho.1 grown on Ge
substrates. ECCI measurements were attempted for these three samples, however,

the highly contrasted pits (usually as an indicator for TDs) were not observed.
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4.3 Ex-Situ Post-Growth Annealing Studies

Inspired by the benefits of thermal annealing in strain relaxation and crystal quality
improvement, in this section, the investigations on ex-situ thermal annealing of 500
nm GeSn grown on 250 nm Ge based on Si (100) substrate by MBE designed to serve
as a buffer for subsequent GeSn growth for optoelectronic devices are presented.
Indeed, the subsequently grown GeSn layer is expected to contain large Sn
composition with little compressive strain, which is highly beneficial for the realisation
of a high directness of the bandgap. As the built-in compressive strain is an important
parameter affecting GeSn crystal structure, this research examines the strain state of
the GeSn epilayer after thermal annealing by various methods. It aims at finding
appropriate annealing conditions to ensure maximum extent of strain relaxation while
avoiding Sn segregation. The annealed GeSn layers can potentially provide a highly
relaxed, lattice-matched buffer to the active layer. Moreover, a much thinner platform
compared with a thick Ge or compositional-graded (Si)GeSn buffer with several

microns thickness can be secured.

4.3.1 Material Growth and Rapid Post-Growth Annealing

As the goal is to grow a high-crystal-quality relaxed buffer for GeSn optoelectronic
devices, pre-relaxed GeSn layers were chosen to provide better thermal stability and
a Sn composition around GeSn bandgap indirect-to-direct crossover was selected to
ensure better lattice match. 500 nm GeSn with a nominal Sn content of 8% was grown
on 250 nm Ge buffer on Si (100) substrate by Veeco Gen 930 solid source MBE at a
temperature window of 130-150 °C. 130 °C was the target growth temperature,
however, due to the heating from the source effusion cells, there was an unintended
temperature fluctuation between 130 and 150 °C during the growth. The Ge buffer
growth was performed following our previously optimised growth conditions [34]. A 5
nm Ge cap was deposited at the top of GeSn layer to prevent Sn segregation on the
surface. After the growth, the samples were cleaved into 8 identical pieces and
annealed at temperatures between 300 and 600 °C at step intervals of 50 °C for 5
minutes each in nitrogen ambient conditions in a Solaris 150 Rapid Thermal Processor.
4.3.2 Surface Morphology

101 1 0 2ARM images of 500 nm GeSn/Ge/Si as-grown and after annealing at
different temperatures (300 to 600 3 ) are shown in Figure 4-4 (a i h), respectively.

The surface of the as-grown GeSn sample undulates with randomly oriented hills and
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pits decorated with numerous tiny white spots, as can be seen in Figure 4-4 (a). It has
a rms roughness of 2.60 nm, which is smooth for a 500 nm thick GeSn layer with
nominal 8% Sn as the surface roughness grows with GeSn layer thickness and Sn
composition [10, 35, 36].

(@) As-grown - {9)] 3003 rms=2.53nm

rms =2:60 nm

(e)45Q3

(g) 550 3

Figure 4-4. 10 x 10 em? AFM images of the surface of (a) as-grown GeSn with nominal 8% Sn and (b-h) after
thermal treatment at various temperatures between 300-600 °C. Root-mean-square roughness is shown in each
image. Scale bars are the same of 2 em as labelled in (a).
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The tiny white dots were considered to be two possibilities. One is Sn precipitates
because of the metastability of GeSn leading to phase separation of the Sn. There are
two different phases of solid Snwiihdiamordpi t at e
structure and -Srewih body-centred ketnagamal umit cell [37]. The
eutectic point of the GeSn alloy is 232 °C and the allotropic phase transition between
UandSh i s 1-3nisstablebelowthe allotropic phase transition temperature
w h i FSa phbBse is stable above this point [30]. Except for temperature, the formation
and stability of the two phases of Sn crystallites depend heavily on pressure and
interface effects [37. For exampl e, the temperaturS8 for t
t o-Srbcan be elevated by the tensile strain in the precipitates to as high as around
200 °C in Sio.95Sno.05 [38]. In our experiment, the growth temperature is low enough to
suppress the Sn segregation, however, during the kinetic epitaxial growth process, Sn
atoms may suffer from large compressive strain due to the significantly larger crystal
lattice. Thenthecompr e s si ve st r ai 45 nc &Smtrabstdkneation teepend
at decreased t e mp e-Smphase tleus form$ctustelseanddiffuse td
the surface, so we can even observe the white dots in the as-grown sample.

Another possibility is Sn-induced surface roughening. There are two primary
mechanisms controlling the surface morphology of epitaxial growth: kinetic and strain-
induced roughening [21]. Kinetic roughening mainly dominant in low temperature
growth as it is due to the lack of energy to cross step edges so that form multiple-level-
growth, while strain-induced roughening predominantly affects high temperature
strained heteroepitaxy. As we are in low temperature growth regime, kinetic
roughening dominates. The nominal Sn composition in our experiment is high, which
increases the total strain energy. Relaxation through stain-induced roughening
becomes thermodynamically favourable when the energy cost related to increased
surface area is overcome by the decrease in film strain energy due to dilatation in
interplanar spacings near island peaks [21], i.e. strain enhances the overall
roughening rate. In addition, the thermal activation required for strain-induced
roughening can also be lowered by the local surface chemical potential gradients
provided by the kinetic roughening [21]. An example is that we found similar AFM
images of 274 nm Geo.957SNo.043 and 165 nm Geo.939Sno.o61 grown on Ge in reference
[21]. Except for the slightly improved image contrast at the hills and pits, almost no
changes were observed in surface morphology for the sample annealed at 300 °C
(see Figure 4-4 (b)) compared with the as-grown surface. After annealing at 350 °C,
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some indistinct crosshatch patterns (periodic surface undulations) began to show up,

as seen in the bottom left corner of Figure 4-4 (c). For samples annealed between
400 °C and 500 °C, obvious crosshatch patterns appeared on the surface (see Figure
4-4 (d 7 f)). The spacing between adjacent crosshatch lines is around 0.57 1 & m.
Cross-hatch pattern occurs when the misfit dislocation spacing is smaller than the
epilayer thickness, and it has a much larger spacing than the misfit dislocation spacing
[39]. In other words, the misfit dislocation spacing in the GeSn epilayer annealed at
3501 500 °C should be 1 7 2 orders of magnitude smallerthan 0.57 1 e m. -Cr os s
hatch patterns are reported to result from the nucleation and gliding of the misfit
dislocations in the {111} planes [40, 41] and are confirmed to be related to
inhomogeneous strain field within the epilayer [39]. In this case, it indicates that by
thermal annealing the strain can be relieved through the nucleation and gliding of the
misfit dislocations, i.e., preventing the increase in threading dislocations penetrating

to and degrading the crystal quality of the active GeSn layer [34]. Except for these
crosshatch patterns, the surface morphology remained stable at this annealing
temperature window, i.e., 300 i 500 °C. Reduced roughness was observed in the
samples annealed at 300 7 350 °C and 450 i 500 °C. However, the surface
morphology varied significantly after annealing at 550 °C and above, as can be seen

in Figure 4-4 (g1 h) . 60Brokené surfaces were observe
crosshatch patterns remained in Figure 4-4 (g), only lined-patterns stood in Figure 4-

4 (h), and the GeSn surface character (as seen in the as-grown AFM image Figure 4-

4 (a)) faded in both images with numerous black spots on the surface after annealed

at 550 °C and enlarged at 600 °C. The corresponding sharp increase in surface
roughness for annealing temperature of 550 and 600 °C can be seen in Figure 4-4 (g)
and (h). Meanwhile, milky spots on the surface can be seen with the naked eye for
these two samples, with a higher density for the sample annealed at 600 °C. These
investigations are in good agreementwithwi th @
similar Sn content but with thinner GeSn thickness (between 160 i 200 nm) , where
the significant changes in surface morphology were confirmed to be a result of Sn out-
diffusion and precipitation on the surface [28, 42]. The black spots in AFM images
were believed to be the holes created by Sn out-diffusion. To understand the dynamics

of the changing strain state corresponding to the occurrence and disappearance of
crosshatch patterns and the broken surfaces, HRXRD (004) symmetric scans and
RSMs were applied.
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4.3.3 Strain State

First, HRXRD symmetric omega-2theta scans around (004) lattice plane were
applied to probe the growth-direction lattice change. Three distinct peaks
corresponding to GeSn, Ge and Si are labelled, as can be seen in Figure 4-5 (a). The
peak amplitude was normalised to show the effect of thermal annealing, and all the
spectra were referenced to Si peak. Sharper and stronger diffraction peaks of GeSn
than Ge can be clearly observed, indicating higher crystallinity and larger thickness of
the GeSn film. This observation is in contrast with studies on GeSn thermal annealing
where thick Ge buffer layers, i.e., few microns are applied to ensure full relaxation of
Ge [8, 27] . The obvious asymmetric shape of the Ge peak shown in all samples is
believed to be a result of Ge-Si interdiffusion. Peak amplitude, peak integral intensity
and GeSn lattice constant of each sample annealed at different temperatures were
also extracted and presented in Figure 4-5 (b). The GeSn peak position of the sample
annealed at 300 °C did not shift compared with the as-grown sample, but the signal
intensity significantly increased (by 58%, calculated from both peak amplitude and
peak integral intensity), indicating structural stability and improved crystallinity at this
annealing temperature. For samples annealed at 350-450 °C the GeSn peaks shift
continuously to larger values, corresponding to smaller growth-direction lattice
parameters. The peak amplitude and peak integral intensity decrease with higher
annealing temperature at 350 and 400 °C, especially at 400 °C, indicating slightly
degraded crystal quality. However, after the annealing temperature reaches 450 °C,
the peak amplitude and peak integral intensity slowly recovered to levels half of the
as-grown sample. The signal of the sample annealed at 600 °C was completely lost
presumabl y bec &ndusterama tha duifacecabsbrbed the x-rays [37,
38, 43, 44]. Although the transition between U-Sn and b-Sn may also be affected by
pressure and interface effects so that U-Sn can persist up to e.g., 200 °C in Sio.95Sno.0s
[37], in our experiment, the 600 °C annealing is too high for U-Sn precipitates to sustain.

A clear trend of the decreased lattice parameters in GeSn layers with raising
temperature is observed. At first, we considered it to be the effect of Sn segregation
during thermal treatment. However, that does not explain the GeSn lattice constant
decrease when the annealing temperatures are below 550 °C, especially the sharp
drop between 350 and 400 °C. As indicated by the AFM images, those significant
changes to the crystal lattice only happened at 550-600 °C annealing temperatures.

Moreover, milky spots seen on the wafer surface were observed after high
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temperature annealing at 550 and 600 °C. To gain further knowledge of the annealed
samples in terms of Sn composition, strain state and crystalline quality, RSMs around

(224) lattice plane were adopted as they provide more information.
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Figure 4-5 (a) XRD omega-2theta scans of GeSn as-grown and annealed at various temperatures. (b) Growth-direction GeSn
lattice constant (black squares), peak amplitude (red triangles) and peak integral intensity (blue dots) change with annealing
temperature, extracted from (a).

RSMs can supply strain state information about the epilayers intuitively through the
angle between epilayer diffraction peak and pseudomorphic-growth line (or strain-
relaxed line). It can also be translated quantitatively to the in-plane and growth
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direction lattice parameters. The RSM around asymmetric (224) reflection of the as-
grown GeSn sample is shown in Figure 4-6. Three peaks corresponding to Si, Ge and
GeSn have been labelled at the right-hand side of each peak. One vertical dotted
pseudomorphic-growth line indicating a fully strained crystal lattice, where the epilayer
has the same lattice parameter with the Ge layer underneath, and one diagonal solid
strain-relaxed line suggesting a fully relaxed lattice with cubic structure are marked.
From Figure 4-6 it can be intuitively observed that the GeSn epilayer in the as-grown
sample is relaxed to some extend as the GeSn peak deviates from the pseudomorphic
growth line. This is due to the 500 nm GeSn layer thickness has far-exceeded the

critical thickness for the onset of strain relaxation.
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Figure 4-6. X-ray diffraction reciprocal space map around (224) lattice plane of as-grown GeSn. Form this map,
in-plane (ai) and growth direction (ag) lattice constants can be calculated by ¢ cWCIO w,d TF0 & . Q(x) and
Q(z) correlate to Omega tilt and d spacing of the peak, respectively.

The impacts of different thermal annealing temperatures between 300-600 °C to
GeSn layer are presented in the RSM measurements of Figure 4-7 (a1 g). All the
peak intensities of the RSMs in Figure 4-7 (a i g) were set to the same range (log
intensity from 1.0000 to 6.0000) so that a comparison of the peak profile could be
presented. The peak profile can be defined as the coloured area of each peak. After
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