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Abstract

Ge1ySny binary alloy is an intriguing group 1V semiconducting material which offers energy
bandgap engineering by modifying its Sn concentration, indirect-to-direct bandgap transition
with Sn concentration of 6-11 at.%, strain engineering by controlling its thickness and Sn
concentration, interface improvement, defect prevention, and temperature reduction in the
process of epitaxial growth. There have been several achievements in the development of
Ge1.ySny optoelectronic devices, such as IR LEDs, IR LASER, and IR photodetectors with
high efficiency. There are other exciting potential Gei,Sny electronic and quantum
applications, such as MOSFET with high mobility, TFET with low energy consumption and
high performance, IR wave guides, and spintronics. However, to further develop Gei.,Sny
applications and devices, it is essential to fully understand the epitaxy and material properties.
In this research, the heteroepitaxial growth of Gei.ySny on a Si (001) substrate via a relaxed
Ge virtual substrate using CVD with either of GeHs or Ge;Hs, in combination with SnCl,. It
is demonstrated that Sn segregation and precipitation are controlled when GeHas is used over
GezHs, under very similar growth conditions, which is crucial for the growth of
monocrystalline Gei.ySny thin films. Contrary to previously reported results, the GeH, could
indeed be a viable Ge precursor for epitaxy of superior quality Ge1.,Sny epilayers at very low
cost. In addition, the growth of fully strained Gei.ySny epilayers with a Sn concentration of
over 13 at.% at a very low growth temperature when using GeHs and SnCls, which was
previously assumed to be impossible, is successfully achieved. The lowest temperature at
which epitaxial growth of Ge1.,Sny can take place is estimated at ~231 °C, which is very close
to the melting point of Sn. Moreover, since strain relaxation in Ges.,Sny epilayers affects their
electrical and physical properties, it is therefore essential to investigate the mechanism of
strain relaxation in Gei.,Sny epilayers. The effect of strain relaxation of compressive strained
Ge1ySny epilayers as a function of growth rate and Sn concentration is investigated.
Additionally, a grading technique, in which the SnCl./GeHjs ratio is tuned during the growth
of Ge1.ySny epilayers, is demonstrated. It is shown how the grading technique can enable the
growth of thick Gei.,Sny epilayers by suppressing Sn segregation. As a result, a relaxed
Ge1.ySny epilayer with a higher quality and smoother surface is achieved. Furthermore, since
doped Ge1ySny epilayers could offer more flexibility to control physical, electrical, and optical
properties over undoped ones, it is crucial to discover mechanisms that can control the
incorporation of dopants into Ge1,Sny epilayers. The attempt of heteroepitaxial growth of both
p- and n-type Gei,Sny epilayers is examined. It is demonstrated that such attempt does not
affect the quality of epilayers but influences their Sn concentration and growth rate. The
attempt of incorporation of Si into Ge1ySny (as known as Gei.,SixSny) is also investigated.
The incorporation of Si up to ~3 at.% into Ge1x.ySixSny with a Sn concentration of ~9 at.% is
successfully achieved. Finally, epitaxial growth of Ge\Ge1.,Sny\Ge quantum well, Ge1.,Sn\Ge
multilayers, and GeiySny\Ge1.Sn, (in which y #z) is achieved. Epitaxial growth of the
corresponding heterostructures, the investigation of the growth mechanisms, and the impact
of CVD growth conditions on the quality of epilayers have been extensively carried out. These
heterostructures could potentially offer greater flexibility in controlling the physical,
electrical, and optical properties of Ge1,Sny related materials for device fabrication.
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Chapter 1

Introduction

1.1 Group IV Semiconductors

The most critical parameter of a semiconductor, which other electronic and optical properties
sensitively depend on, is its fundamental electronic bandgap. To optimise performance of
semiconductor devices, it is crucial to be able to carefully control its bandgap. Bandgap
engineering can be achieved by changing compositions in semiconductor alloy systems [1].
The field of bandgap engineering was then significantly expanded soon after epitaxial growth
technique was introduced [2]. Epitaxy refers to growth of crystalline layer, known as epitaxial
layer, on top of a crystalline substrate with same orientation. In this technique, large stresses
in epitaxial layers are generated because of lattice constant mismatch between epitaxial layer
and substrate [3]. The strain in epitaxial layer provides an additional design flexibility for
electronic band structure engineering. However, such flexibility is limited to critical thickness,
he, of epitaxial layer, where strain starts to relieve due to formed dislocations as a consequence
of strain relaxation [3]. For example, if lattice constant of epitaxial layer significantly depends
on its composition, appropriate composition could lead to significant strain energy and so large
reduction in hc into an undesirable value. To overcome this, decoupling of the band structure
and strain is required which can be done by increasing the alloy system’s complexity, such as

Ge1.ySny which is a binary semiconductor alloy for group 1V semiconductors [4].

Since initial development of Si nanoelectronics, the performance of Si ULSI circuits has
improved year after year with more elementary devices integration with downscaling their
sizes; For example, MOSFETSs scaling, which has been such a driving force to keep up
Moore’s law. However, in more recent developments, the device performance has not been
improved with scaling technology, suggesting that to follow Moore’s law, some other
technologies, other than scaling, should be introduced to develop novel materials with high

dielectric insulators, high mobility channels, low resistance semiconductor or metal contacts



[5]. To commercialise new functional devices, such as spintronics, power generation, and
optoelectronics devices, they are required to be integrated into Si ULSI devices [6].
Furthermore, group 1V semiconductors with direct bandgaps can have many applications in
integrated photonics technologies. But epitaxial growth of these materials with high quality
has been challenging as it requires to understand fundamental surface and interfaces associate

with them.

111 GewySny

The exploration of eutectic Ge-Sn system was done for the first time in 1939 when it was
shown, and later confirmed by solidus curves study [7,8], that solid solubility of Sn in Ge is
less than 0.6 at.% [9,10]. A few decades later, we see discovery of a-Sn (non-metallic form of
Sn, also known as grey Sn) semiconducting properties [10,11] as well as single crystal growth
from a mercury solution [12]. After investigation of a-Sn single crystal electronic properties
[13], the possibility of indirect-to-direct transition in binary Gei.,Sny alloys with high carrier

mobilities was shown in 1982 [14].

Due to low solid solubility of Sn in Ge and their large lattice mismatch, Ge1.,Sny alloys with
Sn concentrations exceeding 0.6 at.% were considered as hypothetical alloys by 1980s [10].
However, this thought was changed soon after the first successful growth of a-Sn films on
InSb and CdTe substrates at temperature of 25 °C by metal beam epitaxy [15]. The first
formation of microcrystalline Ges.,Sny using crystallisation of amorphous sputtered films by
means of UV excimer LASER radiation on ZnSe and InP crystalline substrates was done in
1983 [16]. After that, the first monocrystalline Ges.,Sny epilayers, with Sn concentration of up
to 8 at.%, were grown on GaAs and Ge substrates using bias-sputter deposition [17]. Soon
after this achievement, many researchers focus on epitaxial growth of Ge1.,Sny using MBE

[18-23].

Despite all challenges in growth of GeiySny binary alloys, researchers have succeeded in
growing these epilayers using various techniques such as sputtering [17,24-27], ion-assisted
MBE [28,29], pulsed LASER deposition [30], and solid phase epitaxy [31,32]. Nevertheless,
MBE [18-21,33-36] and CVD [37-49] that is most important growth technique in terms of
applicability and practicability. More recent development on growth of Gei.,Sny will be

discussed later.



1.1.2 Motivation

There are several potential optoelectronic, electronic and quantum applications for Gei.ySny
binary alloy. In the next chapter, these applications and recent developments are discussed in
more detail. To commercialise Ge1ySny applications, it is essential to consider the practicality
of its growth procedure. In this work, all growth has been achieved by industrial epitaxial
growth, CVD. It is also very important to understand the mechanism of how to engineer
Ge1ySny epilayers on conventional substrates (Si or Ge) and how to control the primary
characteristics of Gei.,Sny epilayers such as Sn concentration and strain within crystalline
structure. It was shown later how these two primary characteristics affect the electrical and
physical properties of Ge1.,Sny epilayers. In this study, two of widely commercially available
precursors, GeHs and SnCls, are used to reduce cost and practicality of Gei.,Sny growth
process. Growth of Ge\Geiy,Shy multilayers are studied which is important for device
fabrication. Moreover, doping Gei.,Sny are studied as well as growth of Ge1.xySixSny. These
epilayers offer more flexibility to control physical, electrical, and optical properties of
Ge1.ySny. In all these research studies, quality of grown structures is carefully investigated and

presented.



1.2 Dissertation Outline

In chapter 2, some of the most important electrical and physical properties of crystalline Si,
Ge and Sn as well as Ge1.,Sny related background such as Vegard’s law and bowing parameter,
low Sn solubility into Ge, strain relaxation within the epilayers, band structures, and concept
of Sn segregations are presented. Epitaxial growth methods such as MBE and CVD are
reviewed in more details. Finally, potential applications and recent developments in Gei.,Sny
epitaxy and device fabrications as well as challenges that should be overcome are discussed.
In this chapter 3, experimental techniques, including epitaxial growth and material
characterisation methods used in this research, are explained. The history and recent

development in the used growth method, RP-CVD, is explain in detail.

In chapter 4, the heteroepitaxial growth of GeiySny on a Si (001) substrate via a relaxed Ge
buffer using commonly available commercial Ge precursors, GeHa, in combination with SnCl4
precursors, using RP-CVD is comprehensively investigated. Since Ge;Hs is much more
expensive, difficult to handle and store than GeHs, it is of great interest to develop high quality
Ge1ySny epilayers with high Sn concentration using the latter precursor. The effects of Ge
precursors (GeoHs and GeHs) on the heteroepitaxy of Gei.ySny epilayers is extensively
discussed in chapter 5. After that, in chapter 6, the chemical mechanisms accountable for the
CVD growth of GeiySny binary alloys using SnCls and GeH. precursors at very low
temperature are discussed. The effects of growth temperature and SnCl./GeHys ratio on growth
rate and layer composition are examined. After that, thermochemical analyses, which show
possible reaction pathways, are proposed. In this work, heteroepitaxy of Gei.,Sny is achieved

at a very low temperature which has previously been thought to be an impossible task.

The physical, optical, and electrical properties of Gei.,Sny, depends on strain relaxation in its
crystalline layers. For example, it has been suggested that tensile and compressive strain
reduce and increase the required Sn concentration to achieve indirect-to-direct bandgap
transition [50]. Therefore, it is essential to fully understand the strain relaxation of Gei.,Sny

epilayers, which is done in chapter 7.

The impact of grading the SnCl./GeHj, ratio during epitaxial growth of Ge1.,Sny epilayers on

their growth and quality is examined in chapter 8. Here, the grading means that the SnCl, flow

rate is tuned at a constant rate from a very low level to an appropriate level during growth.

This technique was not tested for epitaxial growth of Gei.,Sny binary alloys. This method is
4



proposed to achieve a high Sn concentration Gei.,Sny using GeiySny with lower Sn
concentration as an intermediate epilayer (similar to a VS) to minimise the effective lattice

mismatch.

Doped Gei,Sny epilayers offer more flexibility to control physical, electrical, and optical
properties over ordinary GeiySny binary alloys. The ability to carefully control the
incorporation of dopant into Ge1ySny binary alloys is essential for the development of efficient
and effective nanoelectronic devices, such as TFETs and MOSFETS, as well as optoelectronic
devices, such as LASER diodes and LEDs. In chapter 9, attempt of Attempt of heteroepitaxial
growth of p-type (B) and n-type (P) GeiySny binary alloys is done. Furthermore, epitaxial
growth of GeixySixSny ternary alloys was investigated. Incorporation of Si into Gei.,Sny
epilayers not only improves the physical properties of the epilayers, but also influences their
optical and electrical properties, which can be beneficial for device fabrications. As
incorporation of Si into GeiySny epilayers leads to a faster increase in bandgap at the T"-point
compared to that at the L-point, the indirect-to-direct bandgap transition in Gei.x,SixSny
mostly depends on the concentration of Si rather than Sn. For device fabrication and
commercialisation of Ge1.,Sny devices, it is essential to develop appropriate techniques for
growth of Ge1.,Sny\Ge multilayers, Ge\Ge1.,Sny\\Ge quantum wells and Ge1.,Sny\Ge1.,Sn; in

which y # z. These techniques are developed, examined, and presented in chapter 10.



Chapter 2

Theoretical Background

2.1 Introduction

In this chapter, the crystalline, physical and electrical properties such as the band structure of
bulk crystalline Si, Ge, Sn are initially reviewed. Then, the low Sn solubility in Ge, as well as
the lattice and band structure of Gei.,Sny binary alloys, are discussed. Some important Ge1-,Sny
related background and concepts, such as Sn segregation, Sn precipitation, possible defects
and strain relaxation, are also described and discussed. After that, epitaxial growth techniques
such as MBE, sputtering epitaxy, CVD and challenges for epitaxial growth of Ge1.,Sny related
materials are reviewed in more detail. Finally, recent progress in GeiySny application and

device fabrication in electronics, optoelectronics and quantum devices is presented.



22 Gel—ysny

To understand the physical and electrical properties of Gei,Shy, it is essential to first fully
understand its elements. As (usually) Si is the best substrate in terms of practicability and
applicability, it is important to also investigate its properties carefully. In this section,
properties of Si, Ge, and Sn as well as their band structures will be addressed. After that,
properties, and possible band structure of Gei.,Sny binary alloy will be discussed, both
theoretical and experimental. Finally, some of the most important possible occurrence of

defects in Gei.ySny binary alloys and interfaces will be shown.

2.2.1 Physical Properties of Si, Ge, & Sn

Crystalline Si and Ge are both group IV semiconductors having diamond cubic lattice
structure, as known as FCC, with strong covalent bonds. On the other hand, another element
of this group, Sn, has two allotropes with the occurrence of phase transition at a temperature
of 13.2 °C. The semiconducting phase with diamond cubic lattice is called a-Sn, also known
as grey Sn due to its colour. The metallic phase, f-Sn (or white Sn), has a body centred
tetragonal structure [9,10]. Some of their primary properties can be found in Table 1.
Moreover, bonds in crystalline Sn are “borderline” between metallic and covalent [51]. Crystal
structures of both Sn allotropes, including their temperature ranges, are shown in Figure 2.1.
It should be noted that there is large change in volume, about 26 %, during allotropic
transformation [52]. Due to these properties of crystalline Sn, the synthesis of Sn and thus the

discovery of its electronic properties were challenging tasks [9,10].

Phase Crystal Lattice Constant ~ Cell Volume  Density Stable at
Structure (A) (A3 (gem) Temperature (°C)
a-Sn Diamond cubic 6.493 273.233 5.771 <13.2
Body centered a:5.831
B-Sn tetragonal o 3182 108.190 7.288 >13.2

Table 1 Properties of two allotropes of Sn.
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231.9°C
Figure 2.1 Crystalline lattice structures of both Sn phases, p Sn (a: 5.831 A, ¢: 3.182 A) and 0-Sn (6.493 A).

Diamond cubic lattice structures of Si (5.431 A), Ge (5.658 A), and a-Sn (6.493 A) [10] with
relative proportional lattice constant are all given in Figure 2.2, where large lattice mismatch
can be seen visually. These crystal structures are modelled using CrystalMaker software and

relative differences between their lattice constants are considered.

Si Ge a-Sn

Figure 2.2 Diamond cubic lattice structures (FCC) of Si (5.431 A), Ge (5.658 A), and a-Sn (6.493 A) presented
with relative proportional lattice constants.

2.2.2 Band Structure of Si, Ge, & a-Sn

The band structure of a-Sn was studied using photoemission spectroscopy on a-Sn films on
CdTe and InSb substrates [52], that were grown using a MBE technique developed at that time
[10,15]. In 1963, a model for the band structure of a-Sn was proposed, in which a-Sn is
considered as a semimetal with an inverted band structure [53]. Valence and conduction bands
in the band structure of a-Sn are bent upwards and downwards, respectively, which creates a
negative bandgap of E,r =-0.41 eV [10]. It is possible to compare the band structure of a-Sn
with that of bulk Si and Ge, both of which have an indirect bandgap, as shown in Figure 2.3.
All three bulk Si, Ge and a-Sn do have a diamond cubic (or FCC) lattice structure as seen in

Figure 2.2.
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Figure 2.3 Electronic band structure of bulk Si (1.12 eV), Ge (0.66 €V) and 0-Sn (-0.41 eV) at ambient temperature
[54].

2.2.3 Sn Solubility in Ge

Due to the large covalent radius of a-Sn (1.431 A) compared to Ge (5.658 A) [10], that is

14.7% to Ge as shown in Figure 2.2, the solid solubility of a-Sn in Ge is extremely low.
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Figure 2.4 Phase diagrams of the Ge-Sn system reproduced after reference [55]. The melting temperature for Sn is
231.1 °C.

The maximum Sn solubility in Ge is 1.1 at.%, approximately [55]. The solid solubility of a-Sn

in Si is even lower, less than 0.1 at.%, because of greater lattice mismatch between a-Sn and



Si. It should be noted as Si concentration in Ge increases, the solid solubility of a-Sn decreases
significantly [56]. As shown in Figure 2.4 (marked blue), there is a single phase region
Ge1ySny with y < 1.1 at.% in equilibrium. However, the Ge-Sn phase diagram is dominated
by other two phase mixtures (both with y <0.01) of Ge+f-Sn, that is solid Ge with solid -Sn,
and Ge+L, that is solid Ge with liquid B-Sn, below and above Sn melting temperature of
231.1°C [55]. This is the reason why non-equilibrium growth conditions for growth of
Ge1ySny are required to go beyond Sn concentration of 1.1 at.%. It is also necessary to take
such growth conditions into account in order to avoid phase separation as a result of bulk Sn

precipitation or surface segregation.

2.2.4 Strain-Relaxation of Ge1ySny & h¢

Cross sectional schematic of Ge and Gei.,Sny lattices are given in Figure 2.5. It is not
surprising that Gei1.,Sny lattice constant is larger than that of Ge, however, such lattice constant
depends closely on Sn concentration in GeiySny. As the Sn concentration (y) in Gei.,Sny

binary alloy increases, we expect its lattice constant increases.

® Ge
@® sn

Ge lattice Ge1.ySny lattice

Figure 2.5 Two dimensional schematic of Left: diamond cubic (FCC) structure of Ge lattice, and Right: diamond
cubic (FCC) structure of Ge1ySny lattice. Exaggerated differences for both lattice constants and atom sizes are

considered for a better representation.

Later, it will be shown how such a relationship between Sn concentration and lattice constant
can be used to estimate Sn concentration in Ge1.,Sny epilayer with high accuracy. Before this,
however, it is necessary to understand how the large lattice mismatch between Gei.,Sny and
Ge (or Si) can influence the epitaxial growth of Ge1ySny epilayers on Ge-VS (or Si substrate).
Here, Ge-VS is a substrate that consists of Ge layer, which is epitaxially grown on an Si

substrate.

When growing a material with the same crystal structure with a different lattice constant from
the substrate or buffer layer (as a VS), the grown material either has a tensile strain or a

10



compressive strain. In the case of Gei.,Sny grown on Ge-VS (or Si substrate), the grown
Ge1ySny epilayer will have a tensile strain because its lattice constant is larger than that of
Ge-VS (or Si substrate). If the grown Ge1,Sny has exactly the same inner plane (in-plane)
lattice parameter as its Ge-VS (or Si substrate), but larger outer plane (out-of-plane) lattice
parameter, we call it a fully strained Gei1,Sny as seen in Figure 2.6 (left). Fully strained
Ge1.ySny can be grown up to a certain thickness, so called critical thickness hc, which mainly
depends on Sn concentration (y). Above he, Ge1.,Sny epilayer gradually begins to relax the

tensile strain by forming misfit dislocations.

® Ge
@® sn

Relaxed
GELysny

Fully
>~ Strained <
GELysny

J \.

Relaxed
Ge Buffer

Figure 2.6 Two dimensional schematic presentation of the strain relaxation of fully strained GeiySny grown on
Ge-VS. Left: Fully strained GeiySny epilayer grown on a relaxed Ge buffer layer. Right: Strain relaxation of
Ge1ySny is achieved after growing over he, and as a result, a misfit dislocation is formed (shown with T symbol).
Exaggerated differences for both lattice constants and atom sizes are considered for a better presentation.

Theoretical calculations of h; for Ge1.ySny films grown on Si substrate via a relaxed Ge-VS,
as shown in Figure 2.7, were done using the People Bean (P-B) model and the Matthew

Blakeslee (M-B) model.

The growth of high quality GeiySny directly on Si substrate using CVD is very challenging
due to their large lattice mismatch. To overcome this challenge, a high quality relaxed Ge
buffer, which has a smaller lattice constant than Si, can be grown on Si substrate and used as
an intermediate layer (VS) to reduce the effective lattice mismatch. The strain is a key
parameter that influences the physical, optical, and electrical properties of the GeiySny

epilayer. In addition to Sn concentration, it is possible to adjust carrier mobility [57,58] and

11



band structure [50,59] of the epilayer by modifying the strain in the Ge1ySny epilayer, which

will be discussed later.

Critical Thickness (nm)

0 5 10 15
Tin composition %

Figure 2.7 Theoretical calculations of hc for Ge1ySny films grown on Si substrate via a relaxed Ge-VS using the
People Bean (P-B) model and the Matthew Blakeslee (M-B) model.

2.2.5 Band Structure GeiySny

Theoretically, it is possible to tune the energy bandgap of Gei.,Sny alloy from 0.66 eV down
to 0.0eV by modifying the Sn concentration in GeiySny [16,60]. Ge is a group IV
semiconductor with an indirect bandgap and an energy difference of 0.66 eV between the
lowest conduction band minimum, L-point, and the highest valence band maximum, I"-point,
at ambient temperature [10]. Asy increases in Gei.,Sny, the L-valleys diminishes slower than
the T-valley as a consequence of Egrce— Eorosn> EgLce— EoLosn, SUggesting an
indirect-to-direct bandgap transition for a certain y [10]. It has been shown that bandgap
energy decreases as a result of tensile biaxial strain in Gei.,Sny, as the effect of strain is
significantly higher in direct gap than indirect [61,62]. The achievement of direct bandgap
Ge1ySny depends strongly on its strain relaxation, for instance, for compressive strained
Ge1.ySny, higher Sn concentration is required for an indirect-to-direct bandgap transition than

tensile strained Gei.,Sny [10].

The effect of biaxial strain on the bandgap structure of Ge1.ySny was theoretically investigated.
It was suggested that tensile and compressive strain will respectively lower and raise the
required Sn concentration in order to achieve indirect-to-direct bandgap transition in Ge1,Sny
[50]. Tensile strained GeiySny could be grown on partially or fully relaxed GeiySny [63-66]

while compressive strained Gei,Sny could be grown on Si via Ge-VS [67,68]. Recent

12



predictions show that indirect-to-direct bandgap transition in Ge1.,Sny could be achieved with
Sn concentration of 6-11 at.% [50,69-73].

2.2.6 Bandgap Energy as a Function of Crystal Lattice

The range of bandgap energy, a function of lattice constant for Gei.,Sny, as well as those of
other IIT-V semiconductor alloys, is shown in Figure 2.8 [74]. As can be seen, the unique range
of bandgap energy and lattice constant of Gei.,Sny could expand the horizon of possible
applications in electronic and optoelectronic devices. It should be noted that there is a
transition in the rate of reduction of bandgap energy at the lattice constant of ~0.58 nm for
Ge1ySny, as seen in Figure 2.8.

5.0

MgSe

4.0
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2.0

Bandgap Energy (eV)

0.0

0.54 0.56 0.58 0.60 0.62 0.64
Lattice Constant (nm)

Figure 2.8 The range of bandgap and lattice parameters of Si, Ge and a-Sn with comparison to those of other 111-V
semiconductor alloys, reproduced after reference [74].
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2.3 GeiySny Epitaxy

2.3.1 Introduction

Ge1.ySny alloys as a new group IV material have received great attention in recent years. Many
epitaxial growth techniques have been used to grow high quality Gei,Sny alloys on Si
substrates. In general, epitaxy describes a single crystalline film growth on a substrate in which
grown layers have the same orientation as their substrate [75]. Epitaxial growth proceeds when
atoms are attached to the appropriate position of the corresponding lattice. The formation of
crystals by atoms from the vapour phase generally involves three steps of adsorption, diffusion

and incorporation into the surface, as shown in Figure 2.9.

Main gas
flow region

Nucleation Step growth Diffusion
Desorption

YYyYy

Adsorption

Figure 2.9 Overview of the steps in the epitaxial growth of a layer from the vapour phase.

2.3.2 Challenges

Epitaxy is a form of material deposition and crystal growth in which new crystalline layers
are formed with one or more orientations regarding the crystalline substrate layer. When
growing high quality crystal, the energy is minimised, which is a necessary driving force of
epitaxial growth. A clean surface of the substrate, which yields information about orientation,
is a primary requirement for epitaxial growth. If the surface is rough or not clean, the epitaxial
grown layers will have crystal defects or be amorphous or polycrystalline. Considering this, it
could be useful to have a vapour or chemical wet and appropriate annealing process before
epitaxial growth to remove carbon residues and oxides. The epitaxial growth occurs layer by

layer on top of the substrate when atoms are placed and attached appropriately within the given
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lattice appropriately. Epitaxial growth could be homoepitaxy and heteroepitaxy. Homoepitaxy
is when the substrate and grown material on it have the same material. This could be used to
grow doped layers of the same material as the substrate. On the other hand, heteroepitaxy is a
variety of epitaxy, in which an epitaxial layer is deposited on a substrate with a different
material. This type of epitaxial growth could be used for the growth of virtual substrates,
intermediate layers, heterojunction devices, source-drain engineering, quantum wells growth,

and selective epitaxial growth [10].

There are also three growth modes: Volmer Weber (island formation), Frank van der Merwe
(layer-by-layer), and Stranski Krastanov (layer-plus-island). These modes depend closely on
differences in chemical and structural properties of substrate and epilayer(s). Lattice constant
and thermal expansion mismatch between substrate and epilayer, as well as solubility of
materials (for example Sn solubility into Ge) are just a few examples of these chemical and
structural properties. In this respect, the free energies at the interface between the substrate
and the growing layer are an important parameter. Such energies can be defined by considering

excess energies compared to the bulk of:

e A thin epilayer at the interface
e A distorted layer with thickness of 1-2 monolayer(s) at the growing epilayer surface

e A distorted layer with thickness of 1-2 monolayer(s) at the substrate surface [76,77]

The transition of the growth mode from a 2D growth mode (Frank-van der Merwe mode) [78],
in which growth is done layer by layer, to 3D growth mode (Volmer-Weber mode) [10,79],
which is island based growth, occurs when the sum of the free energies of the
epilayer-substrate interface and the growing epilayer is greater than the free energy of the
substrate. However, if the lattice mismatch between substrate and growing epilayer is large,
in which strained epilayers with low free energies of the substrate and epilayer—substrate
interface. In such a case, a 2D wetting layer may be grown (Stranski—Krastanov mode) [10,80]
before the growth of the islands. The formation of these islands occurs after exceeding the
corresponding hc to elastically release the strain within the epilayer lattice. As the thickness of
the epilayer continues to increase, the relaxation of the epilayer begins via phase separation or
plastically [10]. While grown epilayers have the same orientation as their substrate, their
lattice constant could be changed as they become thicker, known as strain relaxation, as
previously explained. Although Ge-VS and Si (001) are mostly used substrates for recent

Ge1.ySny growth, most researchers preferred other substrates than these two at the beginning
15



of Gei1.ySny discovery [10]. The technique, so called substrate stabilised metastable epitaxy, in
which metastable growth could be achieved by using substrate materials with the minimum
possible lattice mismatch compared to Gei.ySny to prevent Sn segregation and avoid surface

kinetic roughening [28].

Although Ge1.ySny binary alloy holds promises in optoelectronics, electronics and quantum
devices applications, the epitaxial growth of high quality Geiy,Sny binary alloys on Si
substrate, with various Sn concentrations, has remained the main technical challenge. The
covalent radius of a-Sn (1.405 A) is 14.7% greater than Ge (1.225 A) [81,82]. Keeping this in
mind, it is foreseeable that the solid solubility of a-Sn into Ge or Si is relatively low. Figure
2.4 shows that the maximum bulk solubility of Sn into Ge is ~1.1 at.% and decreases when it
approaches the eutectic temperature of Sn (231.1 °C) [55]. Therefore, in order to synthesise
metastable Gei-,Sny binary alloys with Sn concentration over bulk solubility of Sn in Ge, it is
essential to consider thermodynamic non-equilibrium growth conditions. Moreover, the large
lattice mismatch between a-Sn and Si (with the covalent radius of 1.173 A) is 19.7% [81,82]
leading to formation of defects, especially at interfaces, during Gei.,Sny heteroepitaxy on Si
substrate. Furthermore, during heteroepitaxy of GeiySny epilayer on its corresponding
substrate (for example Ge-VS), built-in strains of grown layers of Gei,Sny epilayer can be
used for bandgap engineering. It should also be noted that these built-in strains within grown
layers of Ges.,Sny epilayer can probably influence Ge1.,Sny binary alloy phase breakdown and
plastic relaxation processes. Moreover, if the thickness of Ge1.,Sny epilayer is greater than the
h. dislocations can form at the two ends of the misfit [83]. These dislocations could create a
loop so that the two ends can join or thread onto the surface, which could potentially restrict
Ge1.ySny applications [84,85]. Considering this, it is essential to explore and fully understand
the strain relaxation mechanism and h. in Ge1ySny epilayers which closely depend on their Sn

concentrations.

It should be noted that careful consideration should be taken to appropriately adjust growth
temperature as the most important growth condition and understand its impact on growth rate
and Sn concentration of Ge1.ySny epilayers [10]. Since the melting temperature and surface
energy of Sn are lower than those of Ge, Sn segregation can occur during Ge1ySny binary alloy
epitaxy at a temperature range of about 140 °C to 250 °C [60]. As shown in Figure 2.10, Figure
2.11 and Figure 2.12, the main challenge is to prevent phase separation through Sn

precipitation or segregation, which results due to comparably low free surface energy of
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Sn [10]. In order to epitaxially grow crystalline single phase Gei.,Sny without Sn segregation,
low growth temperatures (< 475 °C) should be used. In modern epitaxy methods, very low
growth temperatures are used, in which lattice diffusion is minimised and hc is increased [75].
However, as the growth rate usually decreases with regard to the reduction of growth

temperature, the suppression of segregation necessary for successful growth becomes a

challenging task.

Figure 2.10 a) Geog2Sno.cs epilayer grown on Ge-VS [65]. b) Precipitation of Sn within Geo92Sno.os epilayer grown
on Ge-VS as a result of annealing process [65]. ¢) Lattice resolution of Sn precipitation within Geo.92Sno.os epilayer

[65].
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Figure 2.11 a) X-TEM micrograph of 630 nm thick GeogssSnooss epilayer grown on the substrate from [86].
b) X-TEM micrograph of the Geo.94sSno.oss epilayer in DF showing effect of strain relaxation when growing over

he from [86]. c) Lattice resolution of Sn precipitation within the Geo.s45Sno.oss epilayer from [86].

Figure 2.12 a) X-TEM micrograph of a Sn droplet that is formed on the surface of the Ge1ySny epilayer grown on
Ge-VS from [87]. b) Scanning electron micrograph of segregation of Sn on the surface of Ge1.ySny during epitaxial

growth at relatively high temperature of 475 °C from [45].
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In addition, since Sn has relatively low solid solubility in Ge [7,8] and Si [88], as well as low
surface energy compared to Ge [89,90]. Consequently, during growth or annealing processes
of Ge1.ySny binary alloy, precipitation of Sn atoms may lead to Sn segregation on the surface
of Gei.ySny epilayer [91-93]. Additionally, the desorption of Sn from the surface of the
Ge1.ySny epilayer may be caused by deposition or annealing processes at high temperatures
[91,92,94]. These indicate that the fabrication of Sn based devices (such as MOSFET) is
challenging, as it is difficult to carefully maintain or manipulate behaviour of Sn atoms in
Ge1.ySny epilayer, either during growth or annealing processes. To address these challenges,
it is necessary to control the interface structures of MOSFETS by using surface oxidation,

capping layers and epitaxial growth techniques [6].

A linear segregation model can illustrate approximation of exchange of adatom (Ge) with

surface dopant atom (Sn) [35,95] as following:

ng = ndg (2.1)

Here ng is the surface adatoms concentration, n is the bulk Sn concentration, and 4 is the
length of segregation. In order to avoid Sn segregation on the surface of the Ge1.,Sny epilayer,
the growth temperature should be kept at its lowest possible level. It should be noted that at
low growth temperatures, the exchange rate between adatoms (Ge) and surface dopant atoms
(Sn) is reduced. Moreover, increasing growth rates, which can reduce the required time slot
for exchange, can lead to suppression of Sn segregation. However, Sn precipitation, as shown
in Figure 2.10 and Figure 2.11, is usually due to post growth processes such as annealing

processes [10,65].

It is interesting to look closely at the SEM image in Figure 2.13, where a large Sn-rich
micro-island with a diameter of ~10um moved on the surface and absorbed the smaller Sn-rich
islands. Looking at Ge and Sn images in Figure 2.13, which were obtained using the EDAX
EDS, it becomes clear that these micro-islands are Sn-based. It should also be noted that the
surface roughness in areas of the Gei,Sny epilayer where none of these noticeable Sn-rich

islands is less than ~3 nm.

In general, if the growth rate in relation to the available amount of Sn atoms on the surface is
not sufficient, then the Sn atoms on the surface can form these Sn-rich islands, which can
effectively terminate Gei.,Sny growth. Furthermore, there may be other factors that can

prevent Sn from segregating on the surface. One could be the flow of carrier gas H», which
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can remove some extra Sn atoms on the growing layers. Another factor could be the effect of
produced HCI, which could potentially etch and remove these Sn structures from the surface
of growing layers during the Ges.,Sny growth. This later factor is discussed in more detail in

chapter 6.

Figure 2.13 Top: SEM image of Geos9aSno.10s grown on Si (001) via Ge-VS with growth temperature of 270 °C
and growth pressure of 500 Torr and growth time of 20:00 min using 2.6x10° SnCls/GeHs partial pressure ratio.

Left: Same area analysis of Ge detected. Right: Same area analysis of Sn detected.

Many efforts have been made to research and develop epitaxial GeiySny growth methods using
various growth techniques, such as MBE [17,21,96], MO-CVD [97], UHV-CVD [47,98] and
RP-CVD [39,49,99]. In the following sections, some of the most promising epitaxial growth

techniques are presented in more detail.
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233 CVD

Growth of GeiySny binary alloy on Si (100) by UHV-CVD at 350 °C with CgHsSnDs
(replacement of one D by Ph = CgHs in SnD4 for stability enhancement) and Ge;Hs as Sn and
Ge precursors, respectively, was first introduced in 2001 [47]. In the same year, it was also
shown H; diluted SnD4 could be used to grow high quality Ge1.,Sny due to its high stability
[46]. 1t was later reported that it is also possible to grow Ge1.,Sny on Si (100) using SnD4 and

GesHs precursors at lower growth temperatures [100].

It was previously suggested that due to concomitant surface roughening and Sn precipitation,
it is not possible to grow Gei.,Sny alloys at temperature above 350 °C [48]. As SnD, synthesis
is not easy, widely commercially available Sn precursor, SnCls, which is also more stable and
commercially available than SnD,4 [60], and Ge;Hes were then successfully used to grow
Ge1.ySny with 8% Sn concentration on Ge(001) substrate in AP-CVD [39]. Total absence of
instability issues was mentioned as the main advantage of SnCls over SnD4; But more
importantly, the growth temperature was reported as low as 320 °C when using Ge>Hs and
SnCl4 [39]. Since then, to keep the growth temperature in such range, Ge;Hs has been preferred
over other Ge precursors, even when using SnCls [39,40]. The main reason for this is that
GezHs is more reactive than the other commercially available Ge precursor, GeHa, at
temperature lower than 350 °C [101]. It has also been believed that Ge;Hs has two order of
magnitude higher growth rate than GeHs when growing Ge under similar growth conditions
[101].

Nevertheless, it should also be noted in order to increase Sn concentration in Gei.ySny, it is
necessary to reduce growth temperature [102], which means we cannot simply compare
growth rate of Gei.ySny at very similar growth temperature when using either of GeHa or
GezHe. Instead, we need to compare growth rate of similar grown Ge1.ySny when using one of
these Ge precursors. More recent research achieved successfully grown Gei.,Sny binary alloys
using GeH. and SnCl,4 [49,68,103]. Today not only it is possible to grow high quality Gei.,Sny
with relatively high Sn concentration using SnCls and GeHa, but also it is possible to do it at
temperature lower than 350 °C [68]. It should also be noted that commercially available GeH,
is much more cost effective than Ge,Hs [60,103] and therefore it is more favourable in
commercialisation of Gei.,Sny optoelectronic devices. However, there are some studies on
technical advantages of using GeH. over Ge;Hs in terms of epitaxial growth of high quality

Gey.,Sny [68,103].

20



One of the main challenges in the development of epitaxial growth of Ge1.,Sny binary alloys
(as well as Ge1-xySixSny) using CVD techniques is the lack of stable Sn precursors. At ambient
temperature, Sn hydrides are extremely unstable and thus immediately dissociate because of
the low bond energy of SnH [10]. The initial successful growth of monocrystalline Ge1.,Sny
epilayers, by means of UHV-CVD, was achieved using Ge;Hgs and CsHsSnDs precursors at
the growth temperature of 350 °C. These Gei,Shy epilayers with Sn concentrations of 5 at.%
to 12 at.% were grown directly on Si (001) with a growth rate of 1 nm/min, approximately
[46,47,104].

Later, another Sn precursor, SnDa, was introduced, which extended the permitted growth
temperature window to 250 °C to 350 °C when used alongside Ge,Hs [37,105,106].
Nevertheless, it has been unclear how adequate reactivity can be achieved for corresponding
chemical precursors during epitaxial growth [102]. It has been shown that the incorporation
of Sn into Ge1ySny epilayers can increase due to a reduction in growth temperature. However,
it is not practical to grow Ge1.,Sny epilayers with relatively significant thickness using SnD4
and GezHs precursors due to a very limited growth rate at lower growth temperatures, where

a high Sn concentration is achieved, which is necessary for optoelectronic applications [10].

In addition to Ge;Hs precursor, higher order Ge hydride precursor, GesHs, was used in
combination with SnD4 to enhance growth rate of Ges.,Sny at reduced growth temperature to
achieve thick Gei.,Sny epilayers with high Sn concentration (up to 9 at.%) [100]. This is due

to higher elevated reactivity and lower decomposition temperature of GesHsg [10].

2.3.4 Other Epitaxial Techniques: MBE, Sputtering

MBE is a widely used growing technique for the growth of high quality Ge1ySny binary alloys
on Si, Ge, or other substrates. There have been several reports of successful growth of Ges.,Sny
epilayers on Ge or Si substrates, in which Sn and Ge were typically deposited in an UHV
chamber with Knudsen cells [20,21,23,29,107,108]. The estimated equilibrium vapour
pressure of Sn is at 9.8x10™° Torr and 4.5x10” Torr at 500 °C and 800 °C, respectively [109],
while the melting point of Sn is relatively low at 231.1 °C. Therefore, a relatively high crucible
temperature of up to 800 °C may be required to achieve a sufficient growth rate, which is
necessary to suppress Sn segregation [6]. To successfully grow high quality Gei.,Sny without
the appearance of Sn precipitation using MBE, it is necessary to carefully select an appropriate

substrate temperature. A common temperature, which is normally used for epitaxial growth
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of Ge (>400 °C), cannot be used for epitaxial growth of Ge1.,Sny, since Sn precipitation occurs
at this temperature. Therefore, a lower growth temperature, down to the eutectic temperature

of 231.1 °C, must be used to minimise Sn precipitation [6].

Even though the growth of high quality Gei.,Sny binary alloys has been reported using MBE
and CVD, additional research has been carried out to develop alternative Gei.,Sny growth
approaches, such as metal-induced crystallisation, solid phase epitaxy and sputtering. Among
these methods, it seems that sputtering is the most promising, which could potentially provide
an opportunity to achieve an economical mass production of Gei.ySny. The first successful
growth of crystalline Ges1.ySny binary alloys on Ge substrates with sputtering was reported in
2002 [25]. It has also been established that it is possible to grow high quality Gei.,Sny with
low defect density directly on Si (001) substrate at low temperatures by means of radio
frequency sputtering epitaxy [26], which is a method with practical applications in the

production of IR optoelectronics [60].

2.3.5 Advantages of CVD

Since CVD offers uniform and homogenous formation of Ge1,Sny on large substrates, it is
most important epitaxial growth technique for mass production of Gei.,Sny applications,
especially for development of Si ultra-large-scale integrated devices [6]. In this work, we tend
to fully understand the effects of CVD growth conditions such as pressure and temperature on
Ge1.ySny epilayers when using SnCls and GeH. as Sn and Ge precursors, respectively. It will
be presented how it could be possible to grow high quality Gei.,Sny with high Sn concentration
at a very low temperature, which has not been reported before, and explore techniques we
have used to achieve growth rates at a temperature that has not been reported by any other
research groups to grow GeiySny. The SnCls/GeHs ratio is considered as a primary CVD

condition to understand the effect of precursors on epitaxial growth of Ge1.,Sny epilayers.

2.3.6 Importance of Quality of Ge1ySny Related Materials on Applications

The lowest activation energies of growth rate for grown Ge1.,Sny using CVD were recorded
at 0.26 eV. Nevertheless, a rapid thermal annealing for Gei.,Sny should be carried out after its
growth to observe photoluminescence (PL) spectra, which depends on Sn concentration, at
ambient temperature. The rapid thermal annealing could greatly improve the crystalline
quality of the GeiySny epilayer. Since thermal annealing can diminish defects, the
non-radiative recombination paths can also be reduced. Thus, the FWHM of the XRD peak
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can be reduced. It should also be noted that there may be a red shift in PL peaks due to the

decreased bandgap of Gei.,Sny, as a consequence of an increase in Sn concentration [10].

The development and use of high quality Ge-VS has been one of the most prominent
achievements, leading to the development and epitaxial growth of high quality Ge1.,Sny binary
alloys with Sn concentration exceeding the bulk solubility of Sn into Ge [110-114]. Ge (001)
substrate is a more appropriate alternative to Si (001) substrate due to a significantly lower
lattice constant mismatch between substrate and GeiySny epilayer. A reduction in the lattice
mismatch between substrate and epilayer leads to an improvement in the optical and
crystalline quality of Ge1ySny binary alloys, which can lead to substantial improvement in PL
signals. Ges.ySny binary alloy with a Sn concentration of ~10 at.% and thickness of ~0.6 pum
was grown on Ge-VS using UHV-CVD method with SnD and GesHs precursors [43,115,116].
The degree of strain relaxation of the grown Gei.,Snhy epilayers was ~80 %, while the highest

achieved growth rate was ~9 nm/min [115].

PL analysis for Ge1.,Snhy epilayers with Sn concentration of over 7 at.%, in which XRD FWHM
exceeds 0.18° [43], becomes possible without considering any post growth thermal annealing.
As Sn concentration in Gei,Sny increases, the PL peaks increase and redshift, demonstrating
that the offset between L- and T"-valleys is reduced in the bandgap of the binary alloy. In
addition, further PL analysis brought the following assumptions for the bowing parameters bo
and bing [116], which depend on Sn concentration, for the direct and indirect conduction band

valleys:

bo(Vsn) = (2.66 + 0.09)eV — (5.4 + 1.1) - yg eV 2.2)

bina Wsn) = (1.11 + 0.07)eV — (0.78 + 0.05) - yspeV (2.3)

By using these equations, it was predicted that to achieve indirect-to-direct transition, Sn

concentration of 8.7 at.% is required [10].

Another Sn precursor, SnCls, which is a more stable and commercially available precursor,
was later introduced in combination with Ge;Hs to grow Gei,Sny binary alloys under
atmospheric pressure [39]. High quality fully strained Gei.,Sny with Sn concentration of
8 at.% was grown on Ge-VS at growth temperature of 320 °C using SnCls precursor [40]. In
further research, Gei.,Sny epilayers with thickness above the strain relaxation he, with Sn

concentration above 12 at.%, were successfully grown using the same Sn precursor [41,117].
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It was confirmed that the lattice constant deviated from Vegard's law with a bowing parameter

of 0.041 A is reasonably close enough to theoretical predictions [118].

It is worth noting that the growth rate itself also depends on the thickness of the Gei,Sny
epilayer. As the thickness of the Gei.,Sny epilayer increases, the more strain relaxation is
achieved, and the Gei,Sny growth rate increases coherently. The mechanism of strain
relaxation, which is accompanied by the formation of amorphous Gei.,Sny islands, depends
not only on the thickness of the Ge1ySny epilayer, but also on its Sn composition [117]. These
sorts of islands have also been observed for Ge homoepitaxy at atmospheric pressure when
using GezHg precursor, suggesting that the formation of these islands does not depend solely
on the mechanism of strain relaxation, but is also attributed to Ge,Hg precursor. Furthermore,
it was previously shown that the density of diffused Sn from the formed islands increases with

the thickness of Ge1.,Sny epilayer and when carrier gas changes from N2 to H [10,117].

It is assumed that the formation of clusters made of contaminant atoms or hydrogen could
suppress available lattice sites on the surface of the wafer during epitaxial growth. To address
this problem, epitaxial growth of Ge1.,Sny is proposed at higher pressure and reduced pressure,
making the appearance of these types of amorphous islands on the surface of grown Ge1.,Sny
less likely [45]. In addition, X-ray absorption revealed that Sn atoms in Gei.,Sny epilayers,
grown in CVD at atmospheric pressure, are covalently bonded in a tetrahedral configuration

to Ge atoms without making Sn clusters [119].

Furthermore, several successful epitaxial growths of Gei.,Sny in the reduced pressure regime
using different growth conditions and precursor combination were reported by several
research teams [42,44,45,49,120]. Without taking into account any thermal treatment process,
these grown GeiySny epilayers have shown strong PL signals at ambient temperature.
However, the intensity of PL reduces as a function of rapid thermal annealing (RTA).
Applying high annealing temperature (above 450 °C) may lead to Sn segregation, and

formation of Sn micro-scale structures on the surface of the epilayer [10].

The growth of GeiySny directly on Si (001) substrate at reduced pressure with SnCls in
combination with Ge;Hs was investigated in 2013 [45]. Later, the first attempt to grow
Ge1ySny epilayers with SnCls in combination with GeHa, which is a more conventional and

cheaper Ge precursor, was carried out in 2014 [49,120]. The incorporation of Sn into Ge1.,Sny
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has been shown to increase with decreasing growth temperature in reduced pressure

condition [10].

The Gei-ySny growth rate activation energy for ultra-high vacuum CVD epitaxy with GesHg in
combination with SnD4 [100] is significantly larger than for AP-CVD epitaxy with GezHe
[40]. Further study has been carried out to investigate RP-CVD Gei.ySny epitaxy [44,66,121]
on Si (001) substrate via Ge-VS [112,114]. Growth of thick (over 1 pm) Gei.,Sny with high
quality crystalline and smooth surface on Ge-VS has been successfully achieved, in which the
Ge1ySny epilayer is partially strain relaxed and has a Sn concentration of over 15 at.% [44].
Such Gei.,Sny epilayers, which exhibit direct bandgap without considering any post growth
thermal annealing, could be the final step towards initial development of direct bandgap group
IV LASERSs [122].

It should be noted that it is possible to extend the growth temperature window by considering
Ge-VS over Si (001) substrate [10]. This is mainly due to the smaller lattice mismatch between
Ge1ySny and Ge-VS. As previously explained, sufficient Sn concentrations in strain relaxed
Ge1.ySny binary alloys may lead to the indirect-to-direct bandgap transition; thus, converting
them into increasing gain material for LASER applications or NMOS [10]. Another way to
take advantage of these layers is to consider them as strain relaxed buffer to enable tensile
strain overgrown elemental Ge1.,Sny layers. Tensile strain of 0.4% in Ges1.,Sny was achieved
by considering such an epitaxial strain method [121]. Additionally, fully compressive strained
Ge1.ySny grown on Si (001) via Ge-VS could be an excellent option for channel material for

PMOS [10].
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2.4 Progress in GeiySny Devices & Applications

There are many achievements in development of Gei.,Sny binary alloy optoelectronic devices
such as IR LEDs [123-127], IR LASER [122,128,129], and IR photodetectors with high
efficiency [130-138] and spintronics [102,139]. Group IV LASERs are the best chance for
development of monolithic integration of LASERS with Si optoelectronics which could bring
many applications in optical communication and sensing [140,141]. However, as both Si and
Ge have indirect bandgaps, we cannot expect efficient light emission from them [142-148].
By a-Sn incorporation into Ge lattice, AEr.. decreases as y in Ge1ySny increases. It is not only
possible to modify Ge bandgap, but also SiGe by Sn incorporation. It is theoretically possible
to tune the energy bandgap of Ges.,Sny alloy from 0.66 eV down to 0.0 eV [16,60]. This means
photodetectors with active layer of Gei.,Sny could easily expand the range of Si photonics to
mid-IR region. Moreover, as GeiySny undergoes an indirect-to-direct energy bandgap
transition for predicted value of 6-11 at.% for Sn concentration, there could be promising

applications in highly efficient group 1V light sources [50,69].

There are some other potential applications for Ge1.,Sny binary alloy, such as MOSFET with
high mobility, TFET with low energy consumption and high performance, and IR wave guides
[6]. Unlike other group IV semiconductors such as SiGe, in Gei.,Sny binary alloy electrons
begin to populate the I"-valley. This is because the I"-valley in Gei.,Sny binary alloy with low
effective mass in centre of Brillouin zone is below the fourfold degenerated L-valleys
energetically. As a result, the electron mobility increases significantly [149], which makes
Ge1ySny a considerable candidate as a channel material with high mobility to be used in
n-MOSFETs [10]. Another advantage of GeiySny binary alloy is its possibility of
indirect-to-direct bandgap which can have applications for electronics such as tunnel
FETs [72]. It has been demonstrated that tunnelling probability can be increased in
fundamental direct bandgap semiconductors [73,150] and Gei.,Sny tunnel diodes with

negative differential resistance has been achieved [10,151].

Controlling the energy band structure as well as effective mass of Gei.,Sny binary alloy can
be done by tuning Sn concentration, y, enables the fabrication of high performance MOSFETs
and devices with low power consumption. Operation of p-channel and n-channel Gei.,Sny has
not been demonstrated yet with satisfactory performances as expected theoretically [69,149].

It has shown MOSFETs with higher performance could be achieved when considering
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p-channel Gei.,Sny MOSFETS over Ge one [6,152,153]. The mobility can be enhanced when
Sn concentration in Ge1,Sny increases which could be used for improvement of performance
of MOSFETS. However, it is necessary to develop new technologies and optimised fabrication
processes in order to make high performance devices. Many optoelectronic applications of
Ge1.ySny have been published, including LEDs, LASERs, photovoltaic cells, and photodiodes.
In these studies, the properties of GeiySny were employed for the purpose of energy band
engineering [122,125,130,154-156]. For example, the narrowing of the energy band can be
achieved by increasing the Sn concentration in GeiySny. This can extend the available
wavelength to a longer range than that of Ge photoelectronic devices. Furthermore, the
indirect-to-direct cross over in Gei.,Sny with a Sn concentration of ~8% can substantially
improve the performance of photoresponse and photoabsorbance devices. Moreover,
Ge1-x4SixSny ternary alloys offer many more possibilities for energy band engineering and
lattice control technology, like the group I11-V compound semiconductors [6]. Furthermore,
theoretical estimations for Ge:.,Sny LASER applications were reported by several research
teams [157-162]. An experimental investigation of lasing in direct bandgap Gei.,Sny grown
on a Ge-VS was carried out. The lasing was detected at low temperatures below ~200 °C under

optical pumping in a cavity of Ge1.ySny [6,122].

Ge1.ySny photodetectors with high Sn concentration can offer a robust photoresponse at longer
IR wavelengths [130,154,155]. In addition, Gei.,Sny heterojunction LED was shown with
Ge1ySny grown on Si substrate, using low-temperature MBE [125]. The Gei.,Sny LED
demonstrates a direct bandgap EL at RT, in which its intensity increases as the Sn
concentration in Ge1.,Sny epilayer increases [6,60]. Ge direct bandgap of 0.800 eV means low
responsivities of Ge films for wavelength of over 1550 nm. Here, responsivity, R (W/A), is
calculated from ratio of photocurrent (electric current) to input optical power. Such detection
spectrum was extended to 1800 nm with effective responsivity by fabricating p-i-n
photodetectors out of GeggrSnoos\Ge\Si (001) grown by MBE [130]. In later years, this
detection spectrum was tuned and extended up to 2100 nm by mainly modifying Gei.,Sny
epilayer [131-135]. Moreover, there have also been some developments on Gei.,Sny based
photoconductors (material that its conductivity tuned when exposed to photon) [136,137],
however, due to Sn segregation for high Sn concentration Gei1.,Sny, which is highly related to

temperature, low thermal detector fabrication could be a promising approach [60].
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Chapter 3

Experimental Techniques

3.1 Introduction

In this chapter, experimental techniques, including epitaxial growth and material
characterisation methods used in this research, are given, and explained. The used growth
method which is the RP-CVD is explained in the first section of this chapter. In the second
section of this chapter, various material characterisation techniques have been used to analyse
the quality and characteristics of grown epilayers, such as FTIRS, HR-XRD, AFM, TEM,
XPS, SEM and EDS. | ensured that the all characterisation techniques are consistent to
confirm that we receive a standardised result and analysis from all grown materials during the
research. Different characterisation techniques are required not only to study and examine
epitaxially grown materials in different ways, but also to confirm and verify the analyses and
results obtained from each of these different techniques. For example, FTIRS, thickness
fringes from HR-XRD w- 26 coupled scans and X-TEM were used to measure the thickness

of the epilayers.
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3.2 Epitaxial Growth

3.21 RP-CVD

In the CVD technique, chemical reactions between gaseous reactants (known as precursors)
initiate and drive material deposition (for example Gei.,Shy) on the substrate (for instance
Ge-VS). Such a deposition method offers low costs and large growth of amorphous,
polycrystalline, and monocrystalline layers, but its process development and optimisation may
not be simple and requires thorough research and understanding. However, CVD has several
advantages compared to other physical vapour deposition techniques, such as MBE. For
instance, the possibility of selective growth, high growth rates, uniform and conformal
depositions throughout the wafer area, and the ease of quality control in mass production [10].
The method of CVD is based on the thermal decomposition of precursors (gaseous reactants),

which can be explained in the following steps:

1. Gaseous precursors are injected into the reactor chamber by carrier gases such as
H2, He, N, Ar.

2. Gaseous precursors diffuse towards the surface of the substrate, and initial
chemical reactions between them are started.

3. Precursors are completely decomposed due to further chemical reactions between
them.

4. Molecules of precursors and products of chemical reactions are adsorbed on the
surface of the substrate.

5. Adatom surface are diffused and incorporated into a solid film, which results in
material deposition on the surface.

6. Undecomposed molecules of precursors and by-products are desorbed and

evacuated from the reactor.

Because of flexibility in considering growth conditions (such as temperature, chamber
pressure, and partial pressure of precursors), there are three CVD growth regimes that can be
used. Mass flow regime is when a relatively lower growth temperature is taken into account,
in which the growth rate depends closely on and is limited by mass flow of precursors. While
the growth rate is almost independent of the temperature in the mass flow regime, the
distribution of gas flows of precursors over the entire wafer is the factor that indicates the

uniformity of the thickness of the growing layers. Nevertheless, for the growth of Gei.,Sny
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binary alloys, the growth temperature should be kept very low, in which the growth rate is
controlled by chemical reactions on the substrate surface. Consequently, such a growth regime

is called kinetic growth regime [10].

In the kinetic growth regime, the growth rate and uniformity of thickness depend strongly on
the growth temperature. Hence, for the growth of Gei.,Sny binary alloy, it is necessary to
consider higher order hydrides, which have a lower composition temperature, in order to
achieve a sufficient growth rate at low growth temperatures. In addition, in the Kinetic growth
regime, those chemical reactions that limit the growth rate are usually ClI or H temperature
dependent desorption due to restriction made on open lattice sites on the surface [10].
However, it has previously been demonstrated that we may not need these available lattice
sites on the surface when growing Gei.,Sny using higher order hydrides precursors such as
GezHg [163]. The reason for this is that the surface reaction, as shown below [40], could form

these available lattice sites:

Ge,He + H — GeHs + GeHs3

The desorption of H from the surface could also be accelerated by the formation of GeH,4 from

GeHs [10].

The epitaxial growth of Gei1.,Sny can also depend on the design of the CVVD machine, such as
its wafer transfer system, gas delivery system, and reactor module. The mechanical wafer
transfer system is responsible for loading, unloading of wafer, as well as improving
temperature uniformity over the area of the wafer by rotating it. The gas delivery system is
responsible for distribution and transport of precursors using appropriate carrier gasses. The
reactor module includes wafer heating with IR lamps, temperature detector and control
system, and the reactor chamber with graphite susceptor coated with SiC. There are primarily
four types of reactors used for epitaxial growth of Gei.,Sny, which are highly dependent on
growth temperature and pressure. Reduced and atmospheric pressure systems, such as ASM's
Epsilon reactors [39,49], Aixtron Tricent showerhead reactors [44,45,164], Centura reactors
[42], and UHV-CVD systems [165]. In particular, in view of the heating approach and the
chamber design, CVD systems from different suppliers differ greatly. For example, if the
wafer is heated from both sides in a horizontal reactor [39] or only from underneath of the
wafer [10,45]. Figure 3.1 shows a schematic configuration of a typical CVD with a horizontal

flow reactor [166].
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Figure 3.1 Schematic set up of a typical CVD with a horizontal flow reactor [166].
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The growth of metastable, intrinsic, and doped Gei.ySny binary alloys on Si (001) and Ge (001)
substrates and Ge-VSs by precisely selecting the appropriate growth conditions in each of the
mentioned CVD reactors has been reported by several research teams. In the research of these
teams, depending on the growth tool used, the selected growth temperature is from ~250 °C
to ~475 °C, while the chosen reactor pressure is from ~10*mbar to ~10° mbar [10]. It should
also be noted that it is important to take into account the effects of precursors used during
epitaxial growth of Gei.,Sny in order to discover and determine the most appropriate
combinations with regard to growth kinetics, such as activation energy, growth rate, strain
relaxation and doping, to optimise crystalline quality, morphology of the epilayer and Sn

concentration in Ge1ySny epilayer.

In this research, all crystalline materials were grown within ASM Epsilon 2000 (as shown in
Figure 3.2); the system has been one of the most fundamental epitaxy tools in semiconductor
manufacturing for more than two decades. The ASM Epsilon 2000 reactor is a horizontal flow,
load-locked and a single wafer RP-CVD tool developed for high volume semiconductor
production for various epitaxy applications. The wafer is mounted on a graphite susceptor
coated with SiC, which is located in a quartz chamber with a cold wall. During the process,
two lamps, which are placed on the bottom and top of the quartz chamber, are responsible for
heating the reactor. To control growth at low temperatures, thermocouples embedded in the
susceptor are used. For epitaxial growth of GeiySny binary alloys, SnCls was used in
combination with either GeHg or Ge;Hs. Furthermore, H, was used as a carrier gas and
chamber pressure controller. Growth was carried out at low temperatures between 240 °C and

350 °C and reduced pressures.
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Figure 3.2 ASM Epsilon 2000 single wafer epitaxy CVD system.

Finding number of molecules from flow rate for each precursor depends on reference
conditions, known as standard temperature and pressure (STP). In our set up,
Pstandard = ~760 Torr (1 atm) and Tstandard = ~21.1 °C (294.25 K). Considering these numbers,

from the equation given below, n in unit of moles (molecules) per minute can be calculated:

P X Flow Rate
n= standard (3.1)
Tstandard X R

Where Flow Rate is flow of precursor in standard cubic centimetre per minute (sccm) which
is cm®min in standard conditions of Pstandard and Tsandard, and R is the universal gas constant,
which is 82.057366 cm*atmK™mole™* Estimation of n for each used precursor can provide us
with molar SnCl#/GeH, ratio which can be a very useful parameter to consider and compare

all our grown Ges.ySn,.

There have been a limited number of published analyses aimed at understanding the
fundamental surface chemical reactions and gas phases that lead to the growth of Gei.,Sny
binary alloys. The reason Gei.,Sny grows at temperatures in the < 300 °C range and at higher
growth rates than when growing Ge, is probably the most ambiguous. Studies on
thermochemical values for the homogeneous decomposition of the precursors indicate that

introducing SnCl, into GeHs may actually prevent the growth [16,17].
SnCls (g) — SnCl» (g) + Cl2 (9) AH; = 362 kJ/mol

GeHas (g) — GeH: (g) + H2 (9) AH; =235 kJ/mol
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In some previous studies, the surface Sn catalytic effect on Cl and H desorption was given as
an explanation for the increase in the growth rate of Gei.,Sny [167,168]. Nevertheless, such
an explanation does not take into account the low reactivity of SnCls at typical growth
temperatures, and only justifies how Gei.,Sny growth proceeds after incorporation of Sn into
growing layers. It has already been shown that SnCly itself requires the presence of GeH, to
react at typical Ges.,Sny growth temperatures [167]. This was presumed to be due to a direct
reduction of SnCl, by GeH, producing HCI and Ges.,Sny on the surface of the growing layers.
Moreover, it was suggested that Ge.Hs and SnCls, which may have similar behaviours to GeHs
and SnCly, react in the gas phase to form chlorogermane (ClyGe;Hs-) and chlorostannane
(HgSNCly—g) intermediates [169]. The HySnCls-q molecule can allow low temperature
deposition due to its lower thermal stability compared to SnCl,. It should also be noted that

the gas phase reactions become more probable as growth pressure increases in CVD.

In summary, GeH, causes the formation of gas phase intermediates, which are more reactive
and leads to the following reactions to completion on the surface through direct reduction
[102]. More detailed explanations are given in Chapter 6, in which the mechanism of Ge1.,Sny
CVD growth is investigated by observing experimental data with additional thermochemical
and kinetic analyses. In this chapter, we focus more on the effects of growth conditions on
epitaxial growth of Ge1Sny binary alloys. Figure 4.4 shows how a monolayer of Ge1.,Sny is
deposited on a monolayer of Ge-VS. Here the growth is carried out with GeH, in combination

with SnCl, with H. as a carrier gas, which also controls the pressure of the CVD chamber.

e H2

‘ SnCl4

’ GeHas

Ge1-ySny

Ge-VS

Figure 3.3 CVD growth schematics of Ge1.ySny epitaxy on Ge buffer using Hz as carrier gas, GeHs and SnCls as
Ge and Sn precursors, respectively. Here blue crystal lattice represents Ge buffer and red crystal lattice represents

epitaxial Ge1ySny epilayer. For simplicity, Si (001) substrate is not shown.
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3.3 Material Characterisation Techniques

The film properties, such as thickness, thickness uniformity, surface morphology, crystal
quality, Sn concentration and elemental composition of all epitaxially grown heterostructures
were performed by various characterisation techniques, including FTIRS, HR-XRD, AFM,
X-TEM, XPS, SEM and EDS. These characterisation techniques are briefly described in this

section.

3.31 HR-XRD

HR-XRD is one of the most important characterisation techniques for crystalline materials. It
is not only possible to understand the crystallographic structure, but also the chemical
composition of the epitaxial layers by means of this non-destructive material characterisation

technique. XRD is based on Bragg’s law:
nl = 2d sin(0) (3.2)

Here n is order of diffraction, A is X-ray wavelength, d is separation distance between crystal
lattice planes, and © is the angle between incident X-ray with and surface of crystal plane, as

shown in Figure 3.4.

Incident X-rays Scattered X-rays

A

—
[=1

r
Figure 3.4 Schematic XRD measurement that leads to Bragg’s law. Here we can see incident X-rays, with angle of

© with respect to the surface of crystal lattice, are scattered from crystal planes that are separated by distance of d
from each other.

HR-XRD ®-28 coupled scans could be used to analyse the quality, strain state and
composition of crystalline materials. In this research, ®—26 coupled scans were performed for
the (004) planes for fully strained Gei.,Sny epilayers. For those Ge1ySny epilayers that are not
fully strained, however, symmetric and asymmetric reciprocal space maps (RSMs), as shown

in Figure 3.5, are required. These RSMs could provide further information on the position of
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Bragg peaks and crystalline strain tilt and (in-plane and out-of-plane lattice parameters) which

could be used to measure Sn concentration using Vegard's law.
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Figure 3.5 Two dimensional cross section of reciprocal space for Ge1.ySny\Ge-VS\Si (001). The red and blue circles
represent the approximate position of Ge1ySny and Ge Bragg peaks, respectively. For simplicity, Bragg peaks of
Si is not shown.

RSMs are formed by obtaining multiple coupled scans, each of which gives a slightly different
offset to the w-26 angle, which is the angle between the incoming X-ray beam and the plane
of the diffracted X-rays. By combining the scans, specific regions of reciprocal space could
be mapped, enabling the determination of the positions of specific Bragg peaks in both the in-

plane and out-of-plane directions, which then provide in-plane (g) and out-of-plane (q.)

reciprocal lattice vectors:

q) = 2%sin(e) sin(w — 0) (3.3)
q, = 2%sin(e) cos(w — 0) (3.4

and therefore, the in-plane (a;) and out-of-plane (a, ) lattice parameters could be derived from

following equations:

v
a = a (3.5)
\/l_z
a, = N (3.6)
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After determining a; and a, lattice parameters, the strain in Gei.,Sny epilayer, which is
defined as the variation of its crystal structure from its relaxed structure of the Gei.,Sny
epilayer compared with its substrate (Ge-VS) could be measured. The in-plane (g;) and

out-of-plane (&,) strain relaxation are given by:

_ 4~% 37

8= e @7
a;—a

g = ZL=%0 (3.8)
age

here, a, is the relaxed lattice constant of the Gei.ySny epilayer and a, is the lattice constant
of the Ge-VS. It is important to note that to determine a,, the volume of the lattice is initially

calculated directly from a;; and a, which are measured experimentally, and by considering

that the volume to be constant regardless of the strain relaxation state, a, can be estimated.

Finally, to determine the Sn concentration in Ge1.,Sny epilayer from HR-XRD symmetric and

asymmetric RSMs according to Vegard's law, the following steps were taken:

1. Correct the XRD intensities for any sample related or instrumental effects that could
potentially influence peak intensity, such as peak broadening.

2. ldentify the peaks that correspond to the Sn and Ge phases.

3. Calculate the lattice parameters for the Sn and Ge phases by fitting the peaks to a
model that includes the relevant crystal structures.

4. Then Vegards's law is used to measure the Ge1.,Sny lattice parameter for a particular
Sn concentration. The Vegard's law indicates that the lattice parameter of Gei.ySny is
proportional to the weighted average of lattice parameters of its individual phases.

5. The estimated Gei1.,Sny lattice parameter could then be compared with the value
derived experimentally from HR-XRD RSMs.

6. Finally, by repeating the last two steps for different values of Sn concentrations,
the best fit between the estimated and experimental lattice parameters for a given Sn
concentration was achieved. Such a Sn concentration which provides the best fit is the

Sn concentration of the Ge1.ySny epilayer.

It should be noted that Vegard's law suggests a linear relationship between alloy composition
and lattice parameter. Nevertheless, this relationship can differ from linearity in some

conditions, for example when the Sn concentration is high or there are lattice distortions or

36



phase transitions. Under these conditions, some other models, such as first principle
calculations or coherent potential approximation. In this research, the Sn concentration of

Ge1.ySny binary alloys were calculated using the following modified Vegard’s law:

agel'ysny =1 -y).a§®+y.ad" +y(1 —y).poen (3.9)
where a, is the relaxed lattice constant of each crystal, and b%¢5™ is the bowing parameter.
The bowing parameter (b%¢5™) used in this research is 0.041 A [41] according to the latest
agreed studies and relaxed lattice constant, a,, is 5.6579 A and 6.4892 A for Ge and Sn,
respectively [10]. The lattice constant of each epilayer was calculated from the in and out of

plane lattice parameters obtained from RSMs.

The error in measuring Sn concentration in Gei.,Sny depends on various factors such as the
quality of the collected XRD data, the accuracy of the instrument, the accuracy of estimating
lattice parameters and other systematic or random errors in the data. For Gei.,Sny binary alloy,
the error as a result of Vegard's law is the greatest. The error in Sn concentration for fully
strained Ge1,Sny is 1-2%, while due to strain relaxation in Ge1.,Sny, it goes up to 5% for those
Ge1.ySny epilayers that are not fully strained. In this research, the highest possible errors for

both fully strained (2%) and partially relaxed (5%) Ge1ySny are considered.

For all w-26 coupled scans, symmetric and asymmetric RSMs, a Panalytical X’Pert Pro
MRD using CuKal source was used for measurements. To form a quasi-parallel X-ray beam
with a CuKal radiation of 1.54056 A, the incident beam passes through a hybrid
monochromator. Then an analyser crystal that is placed before the detector collects the
diffracted beam to narrow the acceptance angle to 12 arc sec. Such a high resolution can
provide XRD RSMs which can be used to estimate element compositions in crystalline binary

alloys such as Gei.,Sny.

3.3.2 FTIRS

FTIRS is a non-destructive characterisation technique that can be used in transmittance and

reflectance mode. In this research, only reflectance mode, in which the interference of light is

used to measure the thickness of thin films (Gei.,Sny epilayers) and thickness uniformity

across wafers. The core of the FTIRS is the Michelson interferometer. A typical Michelson

interferometer consists of a beam splitter and a couple of perpendicular mirrors, one of which

is at a fixed distance from the beam splitter, and the other moves towards and away from the
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beam splitter. As shown in Figure 3.6, the beam splitter initially splits the beam emitted from
a source into two beams. Each beam is then reflected from each mirror and then recombined
into a single beam, so called recombined beam, at the position of the beam splitter. The
interference of the two beams leads to a unique light spectrum, which depends on the position

of the moving mirror.

Stationary Mirror
[ ]
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Figure 3.6 Schematic of a typical Michelson interferometer in reflectance mode. The beam splitter initially splits
the light beam emitted from the source into two, then these two beams are reflected from two mirrors. The moving
mirror is used to manipulate the phase of the beam to produce delayed split beam, which interferes with the split
beam from stationary mirror. The resulted beams are combined and redirected towards sample. After that, the
recombined beam is reflected from the surface and subsequent interfaces in the sample and recorded by the detector.

After that, as shown in Figure 3.7, the recombined beam is redirected towards the sample, and
in the reflectance mode, the reflected light from the surface of the sample and other subsequent
interfaces in the sample is recorded by the detector. Constructive interference is resulted when
mA = 2dn,, in which m is an integer, A is the wavelength, d and n, are the thickness and
refractive index of the epilayer (Gei.ySny), respectively and n, (refractive index of air) is 1.
By obtaining a series of intensity measurements at each beam (with different phases) generated

by the Michelson interferometer, FTIRS produces a wavelength dependent spectrum.
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Therefore, a large intensity of light can be measured over a range of wavelengths, which
greatly increases the signal to noise ration. In this study, the thickness uniformity of the
Ge1.ySny epilayers across the wafers was mapped using FTIRS reflectance measurements. This
was done within a Bruker Vertex v70 FTIRS with a MapplIR accessory that can be used to

map wafers up to 200 mm in diameter.

Recombined Reflected
Beam Beams

no: Air

ny: Ge1ySny epilayer

nz: Ge buffer

Figure 3.7 Representation the reflected light from the surface of the sample and other subsequent interfaces in the
sample. Here, there are two layers: Gei1.ySny epilayer and Ge buffer with refractive index of n1 and nz, respectively.

3.3.3 AFM

AFM is an advanced surface characterisation technique, which provides great information
about surface roughness and surface morphology of materials with outstanding resolution. In
the AFM technique, the surface of a solid material is scanned with a sharp probe (tip), which
interacts with repulsive and attractive forces. Then the force response curve, as a function of
distance between probe (tip) and the surface, is the total forces which include attractive force
(van der Waals) and repulsive force (short range coulomb). The AFM scanning can be
performed in a few modes, depending on the interaction between the probe and the surface of
the sample: contact mode, non-contact mode and tapping mode. In this study, only tapping
mode is used to study surface morphology and roughness of samples. The surface roughness

of samples is calculated using the equation below:

L 2
RMS = |HEtn) (3.10)

where h; is the height of each measurement of the AFM scan, h,,, is the mean height for the

entire scan and n is the number of measurements. RMS provides a numerical representation
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of the average deviation of the surface from its mean height and considers both the height and
spatial distribution of surface features. In general, the scan area should be large enough to
ensure that rare features are included. The choice of the right scan area depends on many
factors. In this research, 20umx20um was found to be an appropriate scan area for RMS

calculation.

In tapping mode, direct force is not measured. The sharp probe oscillates up and down as a
result of vibration of the cantilever close to its resonant frequency. This enables the probe at
the end of each oscillation cycle to touch the surface of the sample. This means the probe gets
into intermittent contact with the surface. With a feedback loop, the position of the AFM probe
and its distance from the surface are adjusted to preserve either the oscillation amplitude or
the phase of the oscillating cantilever. In tapping mode, the probe is not in constant contact
with the sample, which can therefore reduce damage to both the probe and the sample. Since
lateral probe-sample forces are avoided in tapping mode, the resolution is normally higher

than in the classical contact mode, in which the probe and the sample are in direct contact.

The surface morphology of the heterostructures (for instance grown Gei.,Sny) was mapped
using an Asylum Research MFP-3D stand-alone AFM. The surface topology and roughness

were captured using SisN4 probes on the AFM operating in tapping mode.

3.34 X-TEM

TEM is a destructive high resolution imaging technique in which a high energy beam of
electrons passes through an electron transparent sample. Due to interactions between electrons
and atoms of the samples, transmitted electrons, affected by the thickness, composition,
density and crystallinity of the sample, can form an image. The resolution in TEM is limited
by the wavelength of each electron (which is much smaller than that of light) and the quality
of the electron optics, which enables imaging at sub nanometre scale (lattice resolution). TEM
could be used to observe the crystal structures of the grown layers, to analyse their elemental

compositions, and to investigate features such as grain boundaries, dislocations, and defects.

As shown in Figure 3.8, the electron beam emitted from the electron gun is initially turned

into a small coherent beam by condenser lenses, which is then limited by a condenser aperture

that blocks any electron with high angles. When the electron beam hits the sample, depending

on the electron transparency and thickness of the sample, some electrons (parts of the beam)

are transmitted through it. The objective lens then focuses the transmitted beam to form an
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image on the fluorescent screen or to be captured with a charge-coupled device (CCD). The
objective aperture could also be employed to improve contrast by excluding diffracted
electrons with high angles. Intermediate and projective lenses could additionally be used to
enlarge the image before reaching the fluorescent screen or the CCD. When looking ata TEM
image, the lighter areas represent the areas of the samples which more electrons could be
transmitted, while the darker areas represent the areas of the sample which less electrons could

be transmitted.
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Figure 3.8 Schematic illustration of TEM [170]. The electron beam emitted from the electron gun is focused into
a small coherent beam by condenser lenses and then is transmitted through an electron transparent sample.
Transmitted electrons are then captured by CCD image capturing device for image formation and further analysis.

A TEM sample should be thin enough to transmit sufficient electrons to form an image with
minimal energy loss. Therefore, the preparation of TEM samples is a crucial step that needs
to be taken into account in order to achieve valuable images and analyses. The TEM sample
preparation technique used in this research is the one in which the sample is initially glued
appropriately, then thinned and polished as much as possible with grinding pads on a circular
mechanical grinder. After that, the Cu rings are glued to the cross section of the thinned
sample, which is now ready for ion milling. In the final step of this process, a PIPS is used, in
which beams of Ar* ions with high energies and shallow angles thin the sample until

electron-transparent regions suitable for TEM imaging are achieved. This TEM preparation
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method is the most appropriate for thin epilayers and soft semiconductor materials such as
Ge1ySny, but the process is very time consuming. In this research, a Jeol JEM-2100
transmission electron microscope (TEM) was used to obtain high resolution cross sectional
micrographs of heterostructures. X-TEM imaging allows direct observation of crystalline

quality (defect imaging) and precise thickness measurement for epilayers.

Bright field (BF) and dark field (DF) are two distinct X-TEM imaging modes. In summary,
BF X-TEM is sensitive to the electron absorption properties of the sample, while DF X-TEM
is sensitive to the electron scattering characteristics of the sample. Both X-TEM imaging
modes could be used to gain a comprehensive understanding of the quality and properties of

materials.

In BF mode, all transmitted electrons through the sample, whether scattered or not, are
detected. The resulting image may have a bright background and dark contrasts are
proportional to electron absorption in the sample. BF X-TEM images provide information on
the structure of the materials, such as the lattice spacing, orientation and crystalline structure.
For example, the identification of the type of crystal structure and the determination of whether
the material is crystalline, polycrystalline or amorphous can be carried out in this imaging
mode. BF X-TEM images could also be used to investigate the microstructure of the material,

including shape, grain size and distribution.

In DF mode, on the other hand, the electrons transmitted through the sample are detected, but
the electrons scattered in the sample plane are disregarded. Therefore, the resulting image may
have a dark background and bright contrasts proportional to the intensity of electron scattering
in the sample. Since the scattered electrons are more sensitive to the presence of defects than
the transmitted electrons, DF X-TEM images can be used to identify defects in materials such
as inclusions, grain boundaries and dislocations. Furthermore, this X-TEM imaging mode
could be used to investigate interfaces in materials, for example the interface between different

epilayers.

3.35 SEM

Largely magnified images with very high resolution (~1 nm) can be produced using SEM, in

which electrons with very short wavelengths are used instead of light to form an image. A

beam of electrons emitted from an electron gun follows a vertical path through the microscope

and is directed to the surface of the sample under vacuum condition. The beam is focused on
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the surface of the sample by electromagnetic fields. After the beam hits the surface of the
sample, X-rays, secondary electrons, Auger electrons and backscattered electrons are ejected
from the sample and collected by the detectors and then converted into signals to produce the
final image. In this research, Zeiss SUPRA 55-VP scanning electron microscope with a field

emission electron gun (FEG).
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Figure 3.9 Schematic illustration of SEM [170]. The electron beam emitted from the electron gun is focused,
directed toward the sample. Ejected secondary electrons are collected by the detectors and form the final image.

3.3.6 EDS

In the SEM technique, the electron beam that hits the surface of the sample can potentially
excite electrons in the inner shells of atoms, creating holes that can then be filled by electrons
from outer shells. In EDS, elemental compositions on the surface of the sample can be mapped
by collecting X-rays emitted as a result of the transition of electrons from higher energy shells
to lower energy shells [171]. The SEM system, Zeiss SUPRA 55-VP, is equipped with an
EDAX energy dispersive X-ray spectrometer which could be used to obtain elemental
composition analysis with a detection limit of approximately 0.5 at%. With this, Sn
precipitants and Sn rich micro islands which could be formed because of Sn segregation on

the surface of the Ge1,Sny were analysed.
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Figure 3.10 Schematic illustration of EDS [170]. The electron beam emitted from the electron gun is focused,
directed toward the sample. Ejected X-rays from the sample are collected by the detectors for elemental

composition analysis.

3.3.7 XPS

XPS is a non-destructive material characterisation technique used to measure elemental (and
molecules) composition on the surface of doped Gei.,Sny or Geix,SixSny ternary alloys. The
XPS spectra are achieved by irradiating the surface of the solid material with an X-ray beam
under high vacuum condition of ~10® Torr and measuring the kinetic energy of the electrons
emitted from the top 1 nm to 10 nm of the material. A photoelectron spectrum is simply
generated by measuring the number of ejected electrons over a range of Kinetic energies. It is
then possible to identify and quantify (measuring elemental composition) all elements on the
surface of the solid material (except hydrogen) by investigating the kinetic energies and

intensities of the photoelectron peaks.

Considering the energy of the monochromatic X-ray source, it is possible to determine the
kinetic and binding energy of the emitted electrons. In this research, the monochromate Al Ko
XPS was to perform on samples. The emitted electrons from the same element can have
different energies, as there are several orbital shells. Thus, in XPS measurements, orbitals that

provide stronger emission signals are usually investigated. Table 2 shows photoelectron lines
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(in eV) with the strongest emission signals for elements studied in this research. It should be

noted that the binding energy of the elements varies slightly due to the binding state of the

element. For instance, the 2p electrons in Si in Si-O; have a binding energy of ~103 eV, while

the 2p electrons in Si in Si-Si have a binding energy of ~99 eV. It is therefore possible to map

the binding state of the compounds and their relative concentrations using XPS measurements

[172].
Element Atomic Number
C 6
(0] 8
Si 14
Ge 32
Sn 50

Photoelectron Lines with the Strongest Emission
1s: 284.5 eV

1s: 531.0 eV

2p: 99.3 eV

3d:29.4 eV

3dsp2: 485.0 eV
3dap: 493.4 eV

Table 2 List of photoelectron lines with the strongest emission of elements that are studied in research, when using

monochromate Al Ka XPS.
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Chapter 4

Heteroepitaxy of Gei.ySny Epilayers

Using GeHas Precursor

4.1 Introduction

The first attempt to grow Ge1.,Sny epilayers with SnCl, in combination with GeHa, which is a
more conventional and cheaper Ge precursor than Ge;Hs, was carried out in 2014 [49,120].
However, there have been very limited studies on the Gei.ySny growth mechanism in the use
of GeH.. One reason could be because it has been believed that Ge.Hs has two order of
magnitude higher growth rate than GeHs when growing Ge under similar growth conditions
[101]. Nevertheless, it should also be noted that in order to increase Sn concentration in
Ge1.ySny, it is necessary to reduce growth temperature [102], which means we cannot simply
compare growth rate of Ge1.,Sny at very similar growth temperature when using either of GeH,
or Ge;Hs. Instead, we need to compare growth rate of similar grown Ge1.,Sny when using one
of these Ge precursors. The effects of Ge precursors (GezHs and GeHa) on the heteroepitaxy
of Ge1ySny epilayers will be extensively discussed in the next chapter. More recent research
successfully achieved grown Gei1.,Sny binary alloys using GeH, and SnCl4 [49,68,103]. Today
not only it is possible to grow high quality Gei.,Sny with relatively high Sn concentration using
SnCl,s and GeHs, but it is also possible to do it at temperature lower than 350 °C [68]. It should
also be noted that commercially available GeH,s is much more cost effective than Ge;Hs
[60,103] and therefore it is more favourable in commercialisation of Ge1.,Sny optoelectronic
devices. In this chapter, the heteroepitaxial growth of Gei,Sny on a Si (001) substrate via a
relaxed Ge-VS using commonly available commercial Ge precursors, GeHs, in combination

with SnCl, precursors, by RP-CVD is comprehensively investigated.
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4.2 Heteroepitaxy of Gei.ySny Epilayers

In this chapter, intrinsic fully strained Ge1.,Sny epilayers were grown on Si (001) substrate via
a relaxed Ge-VS using RP-CVD. A typical example of grown materials is shown in Figure
4.1, which demonstrates a schematic cross sectional structure of the fully strained
Ge1ySny\Ge-VS\Si (001). All crystalline materials were grown on wafers 100 mm diameter
Si (001) substrates.

fully strained Gei1.ySny epilayer

relaxed Ge-VS

Si (001) wafer (substrate)

Figure 4.1 Schematic cross sectional structure of a fully strained Gei-ySny epilayer grown on Si (001) substrate via
a relaxed Ge-VS.

For epitaxial growth of fully strained Gei.,Sny binary alloys given in this chapter, SnCl, was
used in combination with GeHs. Furthermore, purified H, was used as a carrier gas and

chamber pressure controller.

Figure 4.2 Gez2Hs (left) or GeHs (middle) in combination with SnCl4 (right) were used as Ge and Sn precursors,
respectively. These schematics were created using CrystalMaker software.

Using various growth techniques, Gei.ySny was successfully grown on different substrates,
such as InSh, CdTe, ZnSe, InP, GaAs [15-17]. However, soon researchers tend to use Si as
substrate as (usually) it is the best substrate in terms of practicability and applicability. As it
was discussed in theoretical background, the lattice mismatch between diamond cubic
structure of Si (5.431 A) and o-Sn (6.493 A) is ~20% [10], as shown in Figure 2.2 on page 8.
Such large lattice mismatch between Si and a-Sn (and so Gei,Sny) is not ideal to achieve
appropriate growth of Gei1.,Sny epilayer with low defect density. On the other hand, the lattice

mismatch between diamond cubic structure of Ge (5.658 A) and a-Sn (6.493 A) is just below
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~15% [10], as shown in Figure 2.2 on page 8. To overcome lattice mismatch challenge
between diamond cubic structure Si and a-Sn (and so Gei.ySny), it has been suggested to use

relaxed Ge buffer as a VS which has a lattice parameter closer to that of Gei1.,Sny epilayer.

Ge Buffer

Ge Buffer

Si Substrate Si Substrate

~ ‘- §

% 5, “" Kf‘ ‘

Si Substrate Si Substrate

Figure 4.3 X-TEM micrographs of Si-Ge interface in which relaxed Ge buffer layer is grown on top of Si (001)
substrate. Top-left: 004 BT diffraction condition. Top-right: 004 DT diffraction condition with. Bottom-left: 220
BT diffraction condition. Bottom-right: 220 DT diffraction condition. The grown Ge buffer layer can be used as a
VS for further growth of GeiySny epilayer. Using relaxed Ge buffer layer reduces effective lattice mismatch
between diamond cubic structure of Si (001) substrate and Gei-ySny epilayer.

In this work, relaxed Ge buffer layer with thickness of >0.5 um was grown on Si (001) as a
VS to decrease the effective lattice mismatch between Si (001) and Ge1ySny. As seen in Figure
4.3, Ge buffer layer was grown successfully on Si (001) substrate. By growing thick enough
Ge buffer layer on top of Si (001), strain relaxation within the Ge buffer layer is achieved and
so effective lattice mismatch between Si substrate and Gei.,Sny epilayer decreases as result of

Ge-VS.
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4.3 Sn Concentration of Ge1ySny Epilayers

The Sn concentration of each Gei.,Sny epilayer was estimated using HR-XRD. A HR-XRD
®-20 coupled scan as well as symmetric and asymmetric RSMs for a typical fully strained
Ge1ySny, grown on Si (001) via a relaxed Ge-VS using GeHa, are shown in Figure 4.4 and
Figure 4.5, respectively. The HR-XRD ®-26 coupled scan in Figure 4.4 shows thickness

fringes which provides the thickness of epilayer to be ~22 nm.

In Figure 4.5, the (004) Bragg peaks are aligned in the in-plane reciprocal coordinate (Qx).
Additionally, the asymmetric (224) RSM indicates that the Ge-VS is relaxed to the Si (001)
substrate, while the Gei.ySny epilayer is fully strained to the Ge-VS. The Sn concentration of
the Gei.ySny can be calculated employing the modified Vegard’s law as presented previously,
Equation 3.9 on page 37. The lattice constant of each epilayer was calculated from the in and
out of plane lattice parameters obtained from RSMs. In view of this, the Sn concentration of
the Ge1-,Sny epilayer, which is given its symmetrical and asymmetric RSMs in Figure 4.5, was

calculated to be 6 at.%.
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Figure 4.4 HR-XRD -20 coupled scan of a ~22 nm thick fully strained Geo.o4Sno.os epilayers grown on Si (001)

via a relaxed Ge-VS using GeHa in combination with SnCla at temperature of 280 °C and pressure of 500 Torr.
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Figure 4.5 Symmetric (left) and asymmetric (right) RSMs for a ~22 nm thick fully strained Geo.94Sno.os epilayer
grown on Si (001) via a relaxed Ge-VS using GeHs in combination with SnCls at temperature of 280 °C and

pressure of 500 Torr.
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4.4 Effects of CVD Conditions on Growth & Quality of

G91-ySny

In this section, we tended to fully understand the effect of CVD growth conditions, such as
pressure, temperature and SnCl./GeHs ratio on Ge1ySny epilayers when using SnCls and GeHa
as Sn and Ge precursors, respectively. We will show how it could be possible to grow high
quality Gei.ySny with high Sn concentration at a very low temperature that was assumed not
to be possible before and explore techniques we used to achieve growth rate at a temperature
that has been reported not to be possible to grow any Gei.,Sny by other research group. The
SnCls/GeHy ratio is considered as the precursor mass flow ratio to understand the effect of

precursors on Gei.ySny growth.

4.4.1 Effect of Pressure on quality & growth of Ge1.ySny Epilayers

Pressure is the first primary CVD growth condition, which has been carefully investigated. In
this study, pressure was tuned from 100 Torr to 500 Torr at three different growth temperatures
of 270 °C, 280 °C, and 290 °C. All other CVD growth conditions were kept constant for all
grown Gei.,Sny binary alloys. For instance, the SnCl./GeH, ratio was maintained at 3.55x10
for all grown samples. All Ge1.ySny epilayers grown are fully strained and have the same

relaxed Ge-VS.

In general, as shown in Figure 4.6, the Sn concentration in the Ge1ySny epilayers increases
with increasing growth pressure at all temperatures. It is also evident that the Sn concentration
increases at a higher rate at a lower temperature (270 °C). It should be noted that we have tried
to higher pressure (up to atmospheric pressure ~760 Torr) similar behaviour was detected. It
seems the Sn concentration at a given temperature reaches its highest possible level at
atmospheric pressure; yet this should be confirmed experimentally. Here, we tend not to draw
a conclusion about the effect of pressure at temperatures outside the studied region. In

Chapter 6, further studies on lower temperatures are presented.

Similarly, the effect of pressure on growth rate can be investigated using the same grown
Ge1ySny epilayers. As shown in Figure 4.7, the growth rate decreases as pressure increases.
Such a behaviour applies to all three growth temperatures, but it should be noted that the
reduction rate of growth rate at the lowest examined temperature (270 °C) is lower than that
of growth rate at higher temperatures (280 °C and 290 °C).
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Figure 4.6 Effect of growth pressure on Sn concentration of Ge1ySny epilayers grown at different temperatures
using 3.55x10* SnCla/GeHa.
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Figure 4.7 Effect of growth pressure on growth rate of Ge1ySny epilayers grown at different temperatures using
3.55x10* SnCla/GeHa.

In view of both Figure 4.6 and Figure 4.7 simultaneously, we can better understand the
behaviour of Sn concentration (at.%) and growth rate (nm/min) for each of the three examined
growth temperatures. As seen in Figure 4.8, it is not surprising to find that Sn concentration
and growth rate correlate inversely. It is unclear whether there is a causal relationship between
these two variables. However, there have been some convincing explanations of how the

growth rate can control the Sn concentration at a given temperature.

One explanation is that, assuming that the amount of Sn production remains relatively constant

at a given temperature, it is the growth rate that controls the Sn concentration. Thus, if the
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growth rate is high, fewer Sn atoms have the chance to incorporate into the Gei.,Sny growing
layers, and on the other hand, if the growth rate is low, a greater number of Sn atoms can
incorporate into the growing layers. Moreover, what exactly controls the growth rate itself is
the amount of Ge atoms available on the growing layer during CVD growth. For example, for
Ge1.ySny with a Sn concentration of 7 at.%, the growth rate largely depends on the production
of Ge atoms and their incorporation into the growing layers. Given the amount of experimental
data we have to date, and taking into account the inference to the best explanation approach,
we may be justified to accept this explanation. However, more research is needed to obtain

sufficient experimental data and evidence to draw a certain conclusion.

T T T T T
L —=—270°C|
—o— 280 °C

= —4—290 °C| A
=3
g of .
N—r
c
2
IS
€ °5r 7
[«5)
o
c
/o]
(@)
= 4F E
(%]

3k _

1 1 1 1 1
15 2.0 25 3.0 35 4.0 45

Growth Rate (nm/min)

Figure 4.8 Behaviour of Sn concentration (at.%) and growth rate (nm/min) of Ge1ySny grown at three different
growth temperatures. These are the same Gei.ySny epilayers as shown in Figure 4.6 and Figure 4.7 which were
grown by tuning pressure from 100 Torr to 500 Torr.

As shown in Figure 4.8, there is an outlier data point corresponding to the sample grown at a
temperature of 280 °C and a pressure of 400 Torr. The relation between the growth rate and
Sn concentration for Ge1.ySny epilayers grown at temperatures of 280 °C and 290 °C is similar.
However, at a lower growth temperature of 270 °C, a different behaviour is evident. At this
temperature, the Sn concentration increases with a decrease in growth rate with a faster rate.
In summary, in order to maximise Sn concentration, it is necessary to take into account the
high pressure region (> 500 Torr), but how much growth rate is sacrificed depends on the

growth temperature used.

Finally, the surface morphology of grown samples was studied using AFM in tapping mode.

Examples of AFM scans of GeiySny epilayers at three different temperatures are given in
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Figure 4.9. In Figure 4.10, the surface roughness (nm) of each grown Ge1.,Sny epilayer at the
given growth temperature is shown. Since all Ge1.,Sny epilayers grown are fully strained, it is
expected to observe low surface roughness of < 1.6 nm for all samples. In addition, the average
surface roughness increases slightly as the temperature decreases. This could be due to an
increase in Sn concentration in Gei.,Sny epilayers, as other studies have reported. However,
we can conclude that the growth pressure may not influence the quality of Ge1.ySny epilayers

in terms of surface morphology.
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Figure 4.9 AFM scans of Ge1ySny grown under the same growth conditions (at pressure of 500 Torr and 3.55x10
SnCla/GeHjs ratio) but at different growth temperatures. Left: Ge1ySny grown at 270 °C. Middle: Ge1.ySny grown
at 280 °C. Right: Ge1ySny grown at 290 °C.
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Figure 4.10 Effect of growth pressure on surface roughness of Gei-ySny epilayers grown at different temperatures
using 3.55x10* SnCls/GeHa. The average surface roughness (RMS) for Ge1ySny epilayers grown at temperatures
of 270 °C, 280 °C and 290 °C is 1.4 nm, 1.3 nm and 1.1 nm, respectively.

4.4.2 Effect of SNCls/GeHs ratio on growth of Ge1.ySny Epilayers

To understand the effect of the SnCl./GeHa ratio, both pressure and temperature were set to

be constant. This effect of SnCls/GeH, ratio at two pressures, low (100 Torr) and high
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(500 Torr), was investigated, as shown in Figure 4.11. It is important to note that the increase
in the SnCl./GeH. ratio increases the Sn concentration in GeiySny until a certain level
(~1.4x107 for those grown at 100 Torr). After this level, the increase in the SnCl./GeH, ratio
may not only reduce the Sn concentration, but also stops the growth completely. At this point,
it seems essential to take high pressure (500 Torr) into account to increase Sn concentration
further. Furthermore, the decrease in SnCls/GeH, ratio at low pressure of 100 Torr does not
seem to significantly influence the incorporation of Sn into Gei,Snhy epilayer. The lowest
SnCls/GeHy ratio which we could successfully grow Gei.,Sny was 3.5x10*. No growth was

achieved when SnCl./GeHj ratio lower than 3.5x10* was applied.
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Figure 4.11 Effect of SnCls/GeHa ratio on Sn concentration (at.%) of fully strained Gei.ySny epilayers at low
(100 Torr) and high (500 Torr) growth pressures.

4.4.3 Effect of Temperature on growth of Gei.ySny Epilayers

Finally, the effect of growth temperature is investigated when using GeH, in combination with
SnCl, to grow Ges.ySny epilayers. It should be noted that careful consideration should be taken
to adjust growth temperature appropriately as the most important growth condition and
understand its impact on growth rate and Sn concentration of Gei.ySny epilayers [10]. In
general, it has been suggested that it is necessary to take into account low growth temperature
due to the metastable properties of Ges.,Sny binary alloys. Nevertheless, it has been unclear
how to achieve reactivity for corresponding chemical precursors during epitaxial growth
[102]. As shown in Figure 4.12 (top), the Sn concentration increases with the reduction in
temperature. This is a similar behaviour when using Ge;Hs as a Ge precursor. In the same
figure, the effect of temperature on growth rate is shown, which has a positive correlation.
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Figure 4.12 Top: Effect of growth temperature (°C) on Sn concentration of Ge1ySny epilayers grown at 500 Torr
using 3.45x10* SnCls/GeHa. Bottom: Linear lines that are fitted to data points with residual sum of squares of ~0.2
(for both linear lines). Equations of these lines are: y s, concentration = —0.1 X remperature + 38.8 and

Y Growth Rate = 0.1x Temperature ~ 18.7.

By fitting linear lines into data points, as shown in Figure 4.12 (bottom), it is possible to find
hypothetical minimum and maximum temperature in which growth of Ges1.,Sny. An important
assumption is that Sn concentration and growth rate correlate linearly with temperature at all
temperatures. There are two inevitable facts to consider: one is that the growth rate cannot be
< 0 nm/min, and the other is that the Sn concentration cannot be < 0 at.%. By taking these two
inevitable facts as well as the above assumption into account, together with the following

equations, the minimum growth temperature is estimated at 187 °C (Equation 4.1) and the
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maximum growth temperature at 388 °C (Equation 4.2). Thus, the growth of the GeiSny

epilayer is only allowed when the growth temperature is between 187 °C and 388 °C.

Y Growth Rate = 0.1x Temperature ~— 18.7 (4.1)

Y sn concentration = —01x Temperature + 388 (4.2)

It is also possible to determine the maximum Sn concentration and its corresponding growth
rate by taking into account the following assumption that growth cannot be achieved at a
temperature less than Sn melting point of ~231 °C. It is important to note that the Sn
concentration here is the one for fully strained Gei.,Sny, and not for partially/fully relaxed
Ge1ySny in which much more Sn can incorporate into it because of its larger in-plane lattice
parameter. Based on these assumptions, along with Equations 4.1 and 4.2, the maximum Sn

concentration is estimated at 15.7 at.% with growth rate of 4.4 nm/min.
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4.5 Conclusion

In this chapter, the heteroepitaxial growth of Gei.,Sny on a Si (001) substrate via a relaxed
Ge-VS was investigated using commonly available commercial Ge precursor, GeHa, in
combination with SnCls precursors, by RP-CVD. Chemical reactions (initiations) during
growth were briefly explained. The effects of CVD growth conditions, such as pressure,
temperature and SnCls/GeH, ratio, were carefully studied experimentally. In addition, some
explanations were given about Sn segregation and its role in the formation of Sn-rich
micro-islands on the surface of the GeiySny epilayer. Surface morphology is important not

only for device fabrication, but also for further growth on Ge1.,Sny epilayer.

In summary, the higher pressure (> 500 Torr) is not only more advantageous to increase Sn
concentration, but also to expand the allowed region for other CVD growth conditions, such
as SnCls/GeH, ratio and temperature. In terms of growth temperature, lowering the
temperature generally increases Sn concentration and reduces growth rate. The temperature
can be used as a primary condition to adjust the Sn concentration in Gei.,Sny during CVD
growth. After all, the SnCl./GeHa ratio is a challenging growth condition to optimise. It seems
the best approach is to choose an appropriate temperature at a high pressure, and then adjust
the SnCl./GeHy ratio to make the growth possible and efficient. Here possible means to select
a SnCl./GeH, ratio that allows growth, and efficient means not to waste unnecessary amounts

of precursors.

58



Chapter 5

The Effects of Ge Precursor on the

Epitaxy & Quality of GeiySny

5.1 Introduction

It has already been explained why CVD is the most important growth technique for epitaxial
growth of Ge1.,Sny in terms of applicability and practicality. It is also important to understand
that it is necessary to use inexpensive and commercially available precursors. The most used
conventional Ge precursor for the growth of Gei.ySny, which is also used for the growth of
crystalline Ge, is Ge,Hs. After successful growth of Ge1.,Sny with SnCls and Ge;Hs in 2011
[39], GeH4 was used for the first time in 2014 for CVD growth of Ge1.,Sny [49], and we here
at the University of Warwick tended not only to grow GeiySny with GeHs, but also to
understand its mechanism and techniques to improve its quality [68]. Since GeH, precursor is
more cost effective, it is more favourable than Ge;Hs precursor. In this chapter, the
heteroepitaxial growth of Gei,Sny on a Si (001) substrate via a relaxed Ge-VS was
investigated using two commonly available commercial Ge precursors, GeHs and GezHs in
combination with SnCls precursors, by RP-CVD. Both precursors demonstrated growth of
strained and relaxed Gei.,Sny epilayers, but incorporation of Sn into Gei.,Sny was relatively
higher when using the more reactive Ge precursor, Ge;Hgs. Since Ge;Hs is much more
expensive, difficult to handle and store than GeHa, it is of great interest to develop high quality
Ge1.ySny epilayers with high Sn concentration using the latter precursor. In this chapter, it has
been shown that the main differences between the two precursors are based on process
optimisation, which enables the growth of GeiySny binary alloys with sufficient Sn

concentration at relatively low cost.
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5.2 The Effects of Ge Precursor on the Heteroepitaxy of
Gei1-ySny Epilayers

5.2.1 Sn Concentration of Ge1ySny Epilayers

Similar to the last chapter, the Sn concentration of each Gei.ySny epilayer was estimated using
HR-XRD. A typical symmetric and asymmetric RSMs for a ~131 nm thick fully strained
Geo.919SNoes1 grown on Si (001) via Ge-VS using Ge;Hs is shown in Figure 5.1. The (004)
Bragg peaks are aligned in the in-plane reciprocal coordinate (Qx). Additionally, in Figure 5.2,
the asymmetric (224) RSM indicates that the Ge-VS is almost fully relaxed to the Si (001)
substrate, while the Gei.ySny epilayer is fully strained to the Ge-VS. The Sn concentration of
the Gei.ySny can be calculated employing the following modified Vegard’s law (Equation 3.9
on page 37) as presented in the last chapter, with the same bowing parameter of
0.041 A [10,41,173].
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Figure 5.1 Symmetric (left) and asymmetric (right) RSMs for a fully strained Geos19Sno.os: epilayer grown on
Si (001) via a relaxed Ge-VS.

In this chapter, intrinsic fully strained Gei1.,Sny epilayers were grown on Si (001) substrate via
a relaxed Ge-VS using RP-CVD. A typical example of grown materials is shown in Figure
4.1 on page 47, which demonstrates a schematic cross sectional structure of the fully strained
Ge1ySny\Ge-VS\Si (001). All crystalline materials were grown on wafers 100 mm diameter
Si (001) substrates. For epitaxial growth of fully strained Ge1.,Sny binary alloys given in this
chapter, SnCls was used in combination with either Ge,Hs or GeHs as shown Figure 4.2 on

page 47. Furthermore, purified H, was used as a carrier gas and chamber pressure controller.
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5.2.2 Heteroepitaxy of Ge1.ySny Epilayers Using Ge>Hs or GeHa

The HR-XRD ®-26 coupled scans for epi-wafers grown by SnCls in combination with Ge;He
and GeH, are shown in the next page in Figure 5.2 and Figure 5.3, respectively. As can be
seen in these figures, the peaks at ~34.6° and ~33.0° are originated from Si (001) substrate
and Ge-VS, respectively. There are also strong peaks between 32° and 33°, which indicate the
successful growth of Ge1,Sny epilayers using both Ge;Hs and GeH, precursors. The shift in
the Bragg peaks to lower angles in these two figures demonstrates higher Sn incorporation
into Ge1ySny binary alloy. The Sn concentration of each sample was measured from RSMs,
and the modified Vegard’s law as previously presented in Equation 3.9 on page 37. Thickness
fringes that can be observed in the spectra, which are around the Gei.,Sny peak, are due to
X-ray interferences from fully strained Gei.,Sny epilayers. The thickness of each GeiySny
epilayer was estimated from the thickness fringes of HR-XRD ®-26 coupled scans and then

confirmed using X-TEM micrographs.

To compare the effect of Ge precursors on the growth of Gei.,Sny epilayers, the growth time
of all epilayers was kept the same. Thus, Ge1.,Sny epilayers with different thicknesses were
grown. The pressure was maintained the same at 500 Torr during the epitaxial growth of all
these samples. In addition, the same partial pressure of 10 mTorr was used for both Ge,Hs and
GeHg, but the partial pressure of SnCls was adjusted differently, as shown in Figure 5.2 and
Figure 5.3. Finally, the growth temperature was maintained in such a way that enabled the
growth of Ge1.,Sny epilayers with the same Sn concentration range when using one of the Ge

precursors GezHs (270 °C) or GeHa (280 °C).

As shown in Figure 5.4 and Figure 5.5, an increase in SnCl, partial pressure leads to an
increase in the growth rate of Ge1,Sny epilayer. As explained in the previous chapter, SnCl4
can increase the production of Ge atoms, which is the main driving force for growth rate of
Ge1.ySny epilayer. On the other hand, increasing SnCls does not necessarily lead to an increase
in Sn concentration. This has already been discussed in the previous chapter, how the presence
of too much Sn atoms on the surface leads to Sn segregation, if the growth rate is not sufficient
to suppress Sn segregation. This can be seen in the case of grown samples using Ge;Hs as a
Ge precursor (Figure 5.4), where the increase in SnCls from 10 mTorr to 15 mTorr led to a
reduction in the Sn concentration of the grown Gei.,Sny epilayer. But in the case of grown
samples using GeHas (Figure 5.5), we have not yet reached such a level, even when SnCl,
reached 40 mTorr.
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Figure 5.2 HR-XRD ®-26 coupled scans of Gei-ySny epilayers grown on Si (001) via Ge-VS at temperature of

270 °C for 18:00 min by 10 mTorr GezHs in combination with SnClas partial pressure of 5 mTorr, 10 mTorr and
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Figure 5.3 HR-XRD ®»-260 coupled scans of GeiySny epilayers grown on Si (001) via Ge-VS at temperature of

280 °C for 18:00 min by 10 mTorr GeHa in combination with SnCla4 partial pressure of 10 mTorr, 20 mTorr and

40 mTorr for samples with Sn concentration of 5.8 at.%, 6.9 at.% and 7.9 at.% in Ge1ySny with thickness of 44 nm,

60 nm and 64 nm, respectively.
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Finally, a higher growth rate is expected when Ge;Hs is used over GeHs, even if a lower
growth temperature by 10 °C is used. This is because the production of Ge atoms is generally
greater when Ge;Hg is used compared to GeH.. For instance, by comparing Geo.919SNo.0s1,
which was grown with 10 mTorr of GezHs with Geo .942Sno.0s8, which was grown with 10 mTorr
of GeH, (despite the higher temperature used), a greater Gei.,Sny growth rate (by 75 %) was
achieved in the case of Ge,Hs compared to GeHa.
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Figure 5.4 The effect of SnCls partial pressure on Sn concentration and growth rate of Gei1-ySny epilayers when
using 10 mTorr GezHs as a Ge precursor.
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Figure 5.5 The effect of SnCla partial pressure on Sn concentration and growth rate of Ge1.,Sny epilayers when
using 10 mTorr GeHs as a Ge precursor.
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5.3 The Effects of Ge Precursor on the Quality of Ge1ySny

5.3.1 Thickness Measurements of Ge1.ySny Epilayers

The thicknesses of these layers were measured more accurately using X-TEM. The
micrograph on the right in Figure 5.6 shows a typical X-TEM (004) image of the Ge-VS and
Geo.919SNo oe1 epilayer grown on the Si (001) substrate. The thickness of the Ge-VS is ~1.4 um
and the thickness of Geog19Snoos1 is ~131 nm. For all Ge:.,Sny discussed in the previous
section, their thicknesses were measured using X-TEM, although these measurements are in
line with thicknesses estimated using thickness fringes from their HR-XRD ®-26 coupled

scans shown in Figure 5.2 and Figure 5.3.

Ge, ;Sn, epilayer ~131 nm

.......................

Ge virtual substrate
Ge virtual substrate ~1.4 pm

Si (001) Substrate e Si (001) substrate

Figure 5.6 Left: The schematic structure of layers. Right: diffraction condition X-TEM micrograph of
Geo.919Sno.0s1\Ge-VS\Si (001) interfaces with ~1.4 um thick Ge-VS, and ~131 nm thick Geo.919Sno.0s1. The
Geo.910Sno.081 epilayer was grown using 10 mTorr GezHs in combination with 15 mTorr SnCl4 at 270 °C.

5.3.2 Quality of Ge1ySny Epilayers, from Surface to Interfaces

Figure 5.7 shows the lattice resolution of the interface between Gego19Snoes1 and Ge-VS. As
shown in the X-TEM image obtained in (220) condition in Figure 5.7, the Geg.919Sno.0s1\Ge-VS
interface is sharp and defect-free. It is clear that Gepg19Snoes: is fully strained and no
dislocations can be observed. Furthermore, the precipitation on the surface above the
Geo.919SNos1 layer can be studied by X-TEM, as shown in Figure 5.8, but either the increase

in Sn concentration in the GeiySny epilayer or its thickness leads to a degradation of the
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epilayer quality and surface morphology. Both effects appear to be a consequence of Sn

segregation in the Ge1.,Sny epilayer.

Figure 5.7 Lattice resolved micrograph of the Geoo19Snoos1\Ge-VS (buffer) interface with corresponding
diffraction pattern. The Geoos19Snoos: epilayer was grown using 10 mTorr GezHs in combination with
15 mTorr SnCl4 at temperature of 270 °C.

Figure 5.8 Lattice resolved X-TEM micrograph of Geo.o19Sno.os1 surface, in which Sn precipitation can be observed.
The Geo.919Sno.0s1 epilayer was grown using 10 mTorr GezHs in combination with 15 mTorr SnCls at temperature
of 270 °C.
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5.3.3 Thickness Uniformity of Ge1.,Sny Epilayers Grown by Ge:Hs & GeHs

The thickness uniformity of the epilayers across 100 mm wafer was examined by FTIRS. An
example of Ge1,Sny epilayers, grown by GeHs and Ge;Hg, thickness uniformity is shown in
Figure 5.9. Thickness uniformity of Gei,Sny was approximately ~3.5 % for epilayer grown
by GeHs and is even lower for the epilayer grown by Ge;Hs, ~1.5 %. For thin Gei.ySny
epilayers (that is below 100 nm) the accuracy of the epilayer thickness measured by FTIRS is
limited. Thus, the thicknesses of Gei.ySny epilayers were obtained more accurately with the

support of thickness fringes in HR-XRD -26 coupled scans and X-TEM measurements.
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Figure 5.9 The thickness uniformity of two Ge1ySny epilayers with very similar Sn concentration and thickness
grown on Si (001) via Ge-VS using either of GezHs or GeHa in combination with SnCls obtained by FTIRS.

5.3.4 Effect of Ge precursor on Surface Morphology of Ge1ySny Epilayers

The surface roughness of three Gei,Sny epilayers grown with the same CVD growth
conditions, but with different partial SnCls/H, pressure is shown in Figure 5.10. They are all
grown by Ge;Hs precursor and as can be seen in the AFM scans; the surface roughness
increases with increasing SnCls/H, partial pressure. It should be noted that the surface
roughness of Ge1ySny epilayers generally increases as a consequence of Sn segregation and
precipitation, which can be the result of various factors explained below. One factor is an
inadequate growth rate in relation to available Sn atoms on the surface. If the growth rate is

too slow, available Sn atoms on the surface could segregate, and/or Sn atoms within top
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formed layers could precipitate during or shortly after the epitaxial growth. This can be seen
in Figure 5.10 when comparing the top two AFM images, in which both epilayers are fully

strained with a similar growth rate but slightly different Sn concentration.
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Figure 5.10 Left: AFM scans using tapping mode for the Ge1.ySny grown on Ge-VS/Si (001) by GezHs precursor
at the temperature of 270 °C with different SnCls/Hz partial pressure. Right: Align profile through the centre of
each AFM scan. As the partial pressure SnCls/Hz increases, Sn segregation occurs, resulting in increasing the

surface roughness which were measured in term of root mean square (RMS).
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The other factor could be the strain relaxation of the Gei.,Sny epilayer, which can lead not
only to defect creation, but also to Sn segregation or precipitation. This is because when strain
relaxation begins, growth rate and Sn incorporation vary consequently, which could lead to
Sn segregation or precipitation, as already explained. This can be seen in Figure 5.10 when
comparing the bottom two AFM images, in which the thicker Ge1.,Sny epilayer with a lower
Sn concentration, in which its growing layers have begun to relax, has a greater surface
roughness. Therefore, it is crucial to precisely tune CVD growth conditions to appropriately

suppress Sn segregation and precipitation during the heteroepitaxy of Gei.,Sny epilayers.

The Sn structures appeared on the Gei.,Sny surfaces were investigated by SEM, which was
equipped with an EDAX EDS to analyse elemental composition on the surfaces of the
samples. The EDS scan of Geo919Sno.os1, Which has a surface roughness of 1.2 nm and has no

Sn structures on its surface (the middle AFM scan in Figure 5.10), is presented in Figure 5.11.

Ge Sn

I um I um

Figure 5.11 EDS scan of Geo.s19Sno.os1 epilayer grown by 10 mTorr GezHe precursor in combination with 5 mTorr
SnCly partial pressure. Left: Ge (GeL emission line) Right: Sn (SnL emission line).

Figure 5.12 EDS scan of Geo.o26Sno.o74 epilayer grown by 10 mTorr Gez2Hs precursor in combination with 15 mTorr

SnCla partial pressure. Left: Ge (GeL emission line) Right: Sn (SnL emission line).
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For the sample with the highest surface roughness of 3.0 nm, however, Geog26Shoo7a (the
bottom AFM scan in Figure 5.10), the EDS surface scans are presented in Figure 5.12. As can
be seen, the Sn structures appear on the surface of the Gei,Sny epilayer due to the Sn
segregation. In the previous chapter, Figure 2.13 on page 19, we discussed Sn-rich
micro-islands, which were approximately ten times larger than these in diameters. As already
explained, these structures gradually become larger during the heteroepitaxy of GeiySny

epilayers (or simply as the growth time increases).

As already explained, in order to avoid Sn segregation on the surface of the Ge1.,Sny epilayer,
the growth temperature should be kept at its lowest possible level. It should be noted that the
exchange rate between adatoms (Ge) and surface dopant atoms (Sn) is reduced at low growth
temperatures. Moreover, increasing growth rates, which can reduce the required time for
exchange, can lead to the suppression of Sn segregation. However, Sn precipitation is usually

due to post-growth processes, such as annealing processes [10,65].

For either GeH. or Ge;Hs precursors, the higher Sn concentration in Gei-,Snhy epilayer can be
achieved by reducing the growth temperature [10,174] as long as the precursors are still
reactive, in combination with SnCls of course, at such low temperatures. For instance, as the
growth temperature decreases from 280 °C to 275 °C for those samples grown by GeHa, the
Sn concentration in Gei.,Sny was increased by 1 at.%, approximately. The further reduction
in growth temperature will ultimately lead to a decline in Sn incorporation, as Ge precursors
may become unreactive, but this limit has not been reached at the lowest temperatures in this
study (270 °C). In the next chapter, we have explored lower temperatures when using GeH.
as Ge precursor. It should also be noted that to increase Sn concentration in Gei.ySny, it is
necessary to reduce growth temperature [102], which means that we cannot simply compare
the growth rate of Gei.ySny at very similar growth temperature when using either GeH. or
GezHe. Instead, we need to compare the growth rate of similar grown Gei1.,Sny when using one

of these Ge precursors.

All fully compressive strained Gei,Sny epilayers grown by GeHa have low surface roughness
of less than 1.0 nm. They replicate the surface morphology of the underlying relaxed Ge-VS,
which exhibits a smooth surface with RMS surface roughness of just less than 1.0 nm. It can
be seen in Figure 5.13 that as the partial pressure of SnCls/H; increases in combination with
the GeH. precursor, the surface roughness remains low and unaffected. In other words, it
seems the Sn segregation and precipitation are being controlled when using GeHa instead of
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GezHs as Ge precursor. This could be a useful practical approach when a thicker Gei,Sny
epilayer is required to grow. However, as mentioned previously, we have not reached the level
for SnCls, where the Sn concentration decreases with an increase with partial pressure of

SnCls. Further research is therefore suggested to confirm our explanation.

Figure 5.13 AFM scans of GeiySny grown by 10 m Torr GeHs in RP-CVD at the temperature of 280 °C.
Top: AFM scans of 44 nm thick Geo.942Sno.0ss grown using 10 mTorr SnClg partial pressure with surface roughness
of 0.8 nm. Middle: AFM scans of 60 nm thick Geo.931Snooso grown using 20 mTorr SnCls partial pressure with
surface roughness of 0.8 nm. Bottom: AFM scans of 64 nm thick Geo.g21Sno.07e grown using 40 mTorr SnCls partial
pressure with surface roughness of 0.9 nm. As the SnCl4/H2 partial pressure increases, the Sn concentration in

Ge1ySny epilayer increases, while the surface roughness remains low.

It is important to understand that one of the consequences of a reduction in growth temperature
is a reduction in growth rate, which has also been observed in our research. The results show
that the Sn concentration in Ge1,Sny increases as the SnCls/H; partial pressure increases up

until a certain level, where the increase in SnCl./H; partial pressure leads to a reduction in the
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Sn concentration which is evident in Figure 5.4. One of the reasons may be that higher
SnCl4/H; partial pressure leads to Sn segregation, resulting in contamination of the surface as
shown in Figure 5.10. Beyond this point, the Sn concentration in the Gei,Sny epilayer
decreases. It is important to identify such critical points for certain growth conditions to
maintain a high growth rate and a high Sn concentration with low surface roughness.
Understanding such limitations can open up a new path to growth of high quality Gei,Sny

binary alloys with sufficient Sn concentration with a practical growth rate.

Another objective of Ge1,Sny epitaxy is to find the best RP-CVD growth conditions to achieve
high quality Gei,Sny epilayers with the highest possible growth rate without flowing
unreacted precursors to increase commercial viability. It should be noted that the temperature
required for the growth of Ge1,Sny epilayer with GeH, is generally higher than Ge;Hs. The
achieved growth rate for Gei.,Sny epilayers grown by GeHs was observed to be approximately
twice as slow as for those grown epilayers grown by Ge;Hs. The advantage of using GeHa,
however, is that the Ge1ySny epilayers grown by this precursor have relatively better quality,

minimising Sn segregation and precipitation.

Our research shows that the fully strained Gei,Sny epilayers grown by GeHs; maintain a
smooth surface with low surface roughness (RMS of <1 nm), as shown in Figure 5.13.
However, the AFM scans and surface roughness of three Gei.,Sny epilayers which were grown
using Ge;Hs precursor with the same growth conditions but different SnCls/H, partial
pressures, confirm the presence of Sn segregation due to the high SnCl4/H. partial pressure,
as shown in Figure 5.10. The structures on the surface of these Gei.,Sny epilayers were

confirmed to be made of Sn, as shown in Figure 5.12.

By using Ge,Hs in combination with SnCls, very high Sn concentration (up to ~14 at.%) can
be achieved for relaxed GeiySny epilayers [44,45,66,122,164,175]. Higher Sn incorporation
is achieved by reducing growth temperature and suppressing Sn segregation. Furthermore,
higher temperatures are required to grow Gei.,Sny epilayers when using GeHs as opposed to
GezHe precursor. This is simply because the GeHy is less reactive and therefore requires higher
temperatures to break its bonding energy, in addition to chemical reactions that occur in

contact with SnCly.

In order to achieve indirect-to-direct bandgap transition in a GeiySny epilayer, a Sn

concentration of over 9 at% (in partially/fully relaxed Gei4Sny) is required
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[10,35,39,106,176]. Further process optimisation is needed to achieve such a high level of Sn
incorporation into the Gei.,Sny epilayer, which could be achieved by precisely tuning the
SnCl, partial pressure and reducing the growth temperature, which is discussed in more detail

in the next chapter.

Given the cost efficiency and availability of GeHa precursor, this source is more favourable
than Ge;Hs. By using GeHa as a Ge precursor, high quality Ge:,Sny epilayers can be grown
with fewer defects and lower surface roughness than those grown by Ge;Hs precursor at
similar Sn concentration levels. One possible explanation is the increased purity of GeHs or
the degradation of the Ge,Hg source over longer-term storage. Since the probability of Sn
segregation on the surface is lower in the case of GeH., high quality thicker Ge1.,Sny epilayer

can be grown by this precursor, but this must be confirmed in further experiments.
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5.4 Conclusion

The heteroepitaxial growth of Gei.,Sny on a Si (001) substrate via a relaxed Ge-VS was
investigated using two commonly available commercial Ge precursors, GeHs and GezHs in
combination with SnCls precursors, by RP-CVD. Both precursors demonstrated growth of
strained and relaxed Gei.ySny epilayers, but incorporation of Sn into Gei.,Sny was significantly
higher when using the more reactive Ge precursor, Ge;Hs. Since Ge;Hgs is much more
expensive, difficult to handle and store than GeHa, it is of great interest to develop high quality

Ge1.ySny epilayers with high Sn concentration using the latter precursor.

In this chapter, it was shown that the main differences between the two precursors are based
on process optimisation, which enables the growth of Gei.ySny binary alloys with sufficient
Sn concentration at relatively lower cost. The results demonstrated that when using GeH,, a
lower Ges.,Sny growth rate was achieved than when using Ge,Hg under the very similar growth
conditions. Ge1.,Sny epilayers grown with GeHs had lower surface roughness than epilayers
grown with GezHs. This is because Sn segregation and precipitation could be controlled when
GeH, was used over GezHg as a Ge precursor. This could be crucial for achieving high quality
metal contacts on the GeiySny epilayer, the growth of thick GeiySny epilayers for strain
relaxation, and further heteroepitaxial growth of multilayers or quantum wells. The results of
this investigation show that GeHs could be a viable precursor preference for low cost

heteroepitaxy of Ges.,Sny epilayers.
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Chapter 6

Very Low Temperature

Heteroepitaxy of Gei.ySny Epilayers

6.1 Introduction

GeH, was used for the first time in 2014 for CVD growth of Ges.,Sny [49], and we here at the
University of Warwick tended not only to grow Gei.,Sny with GeH,, but also to understand its
mechanism and techniques to improve its quality [68] as shown in the previous chapter. In
this chapter, the chemical mechanisms accountable for the CVD growth of Ge:.,Sny binary
alloys using SnCl, and GeH. precursors at very low temperature are discussed. Firstly, the
effects of growth temperature and SnCls/GeHs ratio on growth rate and layer composition are
examined. After that, thermochemical analyses, which show possible reaction pathways, are
presented. In this work, heteroepitaxy of Ge1.,Sny is achieved at a very low temperature which

has previously been assumed to be an impossible task.
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6.2 Heteroepitaxy of GeiySny Epilayers Using GeHs

It is necessary to consider low growth temperature due to the metastable characteristics of
Ge1ySny binary alloys. Nevertheless, it has been unclear how adequate reactivity can be
achieved for corresponding chemical precursors during epitaxial growth [102]. Similar to
GezHs, when using GeHas precursor in combination with SnCls, the reduction of growth
temperature increases Sn incorporation in the GeiySny epilayers but can also significantly
reduce growth rates [10,174]. Reactive intermediates that enable the reaction to occur in an
unexpectedly low temperature region are probably produced by exothermic gas phase
reactions [102]. All Ge1,Sny epilayers presented in this chapter were grown using variable
SnCla/GeHjy ratio at pressure of 500 Torr. In this section, we tend to take an experimental
approach to understand how it could be possible to epitaxially grow Gei,Sny at very low

growth temperature.

To enable Ge1.,Snhy epitaxy at very low growth temperatures, it is necessary to optimise CVD
growth conditions precisely. As shown in Chapter 4, growth under high pressure leads to an
increase in the Sn concentration of Ges.,Sny epilayers and also offers flexibility in selecting
other CVD growth conditions. The growth pressure was therefore set at 500 Torr. The growth
time at each temperature was chosen to grow fully strained Gei.,Sny epilayers for better
comparison. This is evident in Figure 6.1, in which thickness fringes around Ge1.,Sny peaks
are observed for each of the grown GeiySny epilayers. The growth temperature was tuned
from 280 °C down to 240 °C with 10 °C steps. Then, at each temperature, the SnCls/GeHa
ratio was optimised accordingly to heteroepitaxy GeiySny with the highest possible Sn

concentration at the given growth temperature, which is discussed in detail in the next section.

Sn concentration of each Ges.,Sny epilayer was measured from RSMs and using the modified
Vegard’s law set out in Equation 3.9 on page 37. The thicknesses of these Ge1.,Sny epilayers
were measured from thickness fringes that appeared around the Gei.,Sny peak in HR-XRD
®-26 coupled scans in Figure 6.1, as they are fully strained, and then confirmed more
accurately using X-TEM. As seen in Figure 6.2, it is necessary to reduce temperature to
maximise Sn concentration in Ge1ySny epilayers. For every 10 °C reduction in temperature,
Sn concentration increases by ~1 at.% at low temperature range. Later we explain how to
optimise these growth conditions to achieve high quality growth of Ge1.,Sny with very high

Sn concentration at very low temperature as shown in Figure 6.2.
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Figure 6.1 HR-XRD ®-26 coupled scans for fully strained Ge1ySny grown on Si (001) via a relaxed Ge-VS at

500 Torr using tuned SnCla/GeHs ratio (different SnCls/GeHa ratio was used for different temperatures).
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Figure 6.2 Effect of growth temperature on Sn concentration (at.%) of fully strained Ge1ySny epilayers grown at
500 Torr using tuned SnCls/GeHs ratio (different SnCls/GeHa ratio was used for different temperature) in which

Ge1ySny with highest Sn concentration (at.%) at each temperature has been achieved.
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All grown Gei.,Sny epilayers are fully strained and high quality as can be confirmed from
HR-XRD ®-20 coupled scan and the lattice resolved X-TEM in Figure 6.1 and Figure 6.3.
There is no shoulder on the left side of the Ge peak in HR-XRD ®-26 coupled scan of each
Ge1ySny epilayer, which show there are no Sn segregations and noticeable defected layers

within the Ge1.,Sny epilayers.

In addition, X-TEM micrographs of these fully strained Gei.,Sny, were taken not only for
thickness measurements, but also to investigate the quality of grown epilayers. An example of
X-TEM image of GeossSno11\Ge-VS interface as well as lattice resolved X-TEM micrograph
of GeogeSno11 epilayer, are shown in Figure 6.3. This epilayer was grown at 260 °C and
500 Torr. As shown in Figure 6.3 (right), there is no defect or Sn segregation on the surface

of the epilayer GeossSno.11 that confirms the high quality of the epilayer.

30 nm GeggoSho.11

GeggoSNo.11

Figure 6.3 Left: X-TEM image of GeosoSno11\Ge-VS interface. Right: Lattice resolved X-TEM micrograph of
Geo.seSnoa1 showing its smooth surface. This epilayer was grown at 260 °C and 500 Torr. Its corresponding

HR-XRD ®»-26 coupled scan shown in Figure 6.2.
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6.3 Allowed SnCls/GeHs Ratio at Each Growth

Temperature

To successfully achieve GeiySny epitaxy at very low temperatures, it is necessary to
understand the impact of the SnCls/GeH, ratio on growth by growing enough number of
epilayers. Since the epilayers have been grown in different times, it is essential to take into
account any feature offset for CVD growth conditions. The most crucial CVD condition in
this research is the growth temperature. The temperature measurements in the CVD system
used, as with most industrial CVDs, can be changed after every system maintenance. This is
because after each maintenance, the temperature sensor cannot be perfectly positioned as it
was before, and this can significantly affect its temperature readings. In order to overcome
this problem, some materials that are easy to use as reference are usually grown after each

maintenance to calibrate the temperature offset.

As shown in Figure 6.4, the growth rate of Gei.ySny increases linearly due to the increase in
the SnCls/GeHy ratio. The thicknesses of these Gei.,Sny epilayers which are required to
estimate their growth rates, were measured from thickness fringes that appeared around the
Ge1ySny peak in HR-XRD ®-20 coupled scans in Figure 6.1, as they are fully strained, and
then confirmed more accurately using X-TEM. As already mentioned in chapter 4, the growth
rate is largely driven by the production of Ge atoms and their availability on the surface of
growing layers. Since the SnCl#/GeH, ratio and growth rate have a positive linear correlation
(Figure 6.4), we can expect that the production of Ge atoms increases with the increase in the

SnCl./GeHy ratio. The explanation of chemistry is presented in later sections.

Furthermore, the growth stagnation times for all Gei.,Sny epilayers grown at different
temperatures were estimated to be less than 3 s. This estimate was achieved by aligning linear
lines with data points (shown in Figure 6.4) at each growth temperature and determining their

equations’ intercepts.

Finally, it should be noted that the allowed region for the SnCl./GeH, ratio, in which epitaxial
growth of Ge1.ySny is possible, shrinks as the growth temperature decreases. For instance, at a
temperature of 250 °C, no growth was possible when the SnCls/GeH, ratio was out of
[~0.003, ~0.004], which means that ~0.003 < SnCls/GeHs < ~0.004 must be satisfied to

achieve Gei.ySny growth at this temperature.
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Figure 6.4 Effect of SnCla/GeHs ratio on growth rate (nm/min) of fully strained Gei-ySny epilayers grown at low
growth temperatures. The allowed region for the SnCls/GeHs ratio, in which epitaxial growth of Gei.ySny is
possible, shrinks as the growth temperature decreases.

14 - . 1 . - - T r 1 T T T 1
o-® —e— 280 °C
—e— 270 °C
—_ 12k oe%e —e— 260 °C| |
S —e—250°C
= —e— 240 °C
©
g /\.
L2 10+t -
S
<
[«5]
(&)
5
o 8r T
j
7]
6+ .
" " " 1 " " " 1 " " " 1 " " " 1
0.000 0.002 0.004 0.006 0.008

SnCl,/GeH, Ratio

Figure 6.5 Effect of SnCls/GeHa ratio on Sn concentration (at.%) of fully strained Ge1ySny epilayers grown at low
growth temperatures. The allowed region for the SnCl4+/GeHs ratio, in which epitaxial growth of GeiySny is
possible, shrinks as the growth temperature decreases.

In low temperature range (< 260 °C), the Sn concentration is almost independent of
SnCla/GeHa. As seen in Figure 6.5, it is evident that the Sn concentration mainly depends on
the growth temperature and not on SnCls/GeHg ratio. In view of this, it is important to modify
the growth temperature in the low temperature range in order to control Sn concentration,
while precise tuning of the SnCls/GeHa ratio is essential to achieve growth. It can be seen in

Figure 6.4 and Figure 6.5 that as the growth temperature decreases, the growth rate slightly
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decreases, but Sn concentration increases by a considerable amount of ~1 at.%. As seen in
both Figure 6.4 and Figure 6.5, at a very low temperature (for example 240 °C), growth is only
possible at a very narrow range of SnCls/GeHjy ratio, which is probably the main reason why

other research groups could not achieve any growth at this very low temperature.

Allowed SnCls/GeH. ratios at different growth temperature are shown in Figure 6.6. This is
the summary of the allowed range for the SnCl./GeH, ratio at each growth temperature, in
which epitaxial growth of Gei.,Sny epilayers becomes possible. Considering experimentally
collected data, we are able to estimate the allowed SnCls/GeH, ratio for temperatures between
the growth temperatures used, as shown in Figure 6.6. It should be noted that more
experiments should be considered to collect more data to find the allowed SnCl4s/GeHj, ratio
regions more accurately. Additional investigation is needed to investigate the growth of
Ge1ySny at SnCla/GeHa ratio below 0.002, especially at growth temperatures of 270 °C and
280 °C. Finally, the lowest growth temperature in which epitaxial growth of Ge1ySny epilayer
could be achieved was 240 °C. Following the exact pattern of shrinkage of the SnCl./GeH.
ratio from 250 °C to 240 °C, and assuming that the same pattern applies from 240 °C to the
minimum possible growth temperature, we estimated the lowest possible growth temperature
as ~231 °C, which is very close to the Sn melting point of 231.1 °C (at atmospheric pressure).
However, it should be noted that the melting point varies due to the pressure. Since the growth
pressure used to grow these epilayers was 500 Torr, that is relatively close to atmospheric

pressure, the melting point changes only slightly.
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Figure 6.6 Summary of the allowed range for the SnCla/GeHs ratio at each growth temperature in which epitaxial
growth of Ge1.ySny epilayers becomes possible. The allowed region for the SnCla/GeHs ratio, in which epitaxial
growth of Ge1ySny is possible, shrinks as the growth temperature decreases.

80



6.4 Effect of HCl on Ge1.ySny

To investigate the effect of HCI on Ge1.,Sny, HCI was flowed at the same temperature as the
growth temperature of Ge1.,Sny shortly after the end of Ge1.,Sny growth. As it can be seen in
Figure 6.7, the shoulder, which appeared during the epitaxial growth of Gei.ySny on the left
side of the Ge peak in HR-XRD w-26 coupled scan, was successfully etched by HCI. Such a
shoulder is either polycrystalline structures or low quality Gei.,Sny layers with very low Sn
concentration, y < 0.02, which is similar to Sn solubility of Sn into Ge. As the thickness of
Ge1ySny increases, this appeared shoulder can ultimately terminate epitaxial growth
completely and cover the entire surface of the epilayer with low quality Gei.,Sny layers and
polycrystalline structures, resulting in a rough surface that is not suitable for further growth.
This experiment shows how HCI plays an important role in the CVD growth of Gei,Sny

epilayers by maintaining the condition of the surface of the epilayer suitable.
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Figure 6.7 Effect of HCI on fully strained GeiySny epilayers after CVD growth. There are two HR-XRD ®-26
coupled scans of two Geo.goSno.10 epilayers that were grown under the same growth conditions, and then only one
of them is exposed to HCI at the same temperature as the growth temperature for 1:00 min. HCI successfully etched
and removed either very low Sn concentration (y < 0.02) Ge1-ySny layers or polycrystalline structures, smoothing
the surface of the epilayer. The Si peak is excluded from HR-XRD ®-26 coupled scans for a better presentation.

The HR-XRD ®-26 coupled scan of a high quality relaxed Ge grown on Si (001) is shown as a reference.

As shown in Figure 6.8, HCI does not etch high quality fully strained Gei.,Sny with high Sn
concentration. In this experiment, the same Geo.9Sno.10 epilayers were etched by HCI, once

for 1:00 min and once for 5:00 min. It is evident in Figure 6.8 that there is no sign of etching
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due to HCI. It could be assumed that HCI can only etch Ge1ySny with Sn concentration up to
a limit (for example, y < 0.02) or polycrystalline structures at a certain temperature. Further
research is required to prove this experimentally. As the HCI is just one of the products from
very complex possible reaction pathways, it is difficult to fully understand the mechanism of
HCI. An important conclusion, however, is that HCI supports to keep the surface free from
low quality Ge1,Sny or polycrystalline structures during CVD growth. In other words, if not
enough HCI is produced during epitaxial growth of the Ge1.,Sny epilayer, we can ultimately
end up with a rough surface (which appears as a shoulder on the left side of the Ge peak,
similar to the one shown in HR-XRD ®-26 coupled scan in Figure 6.7), which can potentially

entirely terminate growth.
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Figure 6.8 Effect of HCI on high quality fully strained Geo.soSno.10. There are two HR-XRD ®-26 coupled scans of
two Geo.90Sno.10 epilayers with the same thickness and Sn concentration grown under the same growth conditions,
both of which were exposed to HCI at the same temperature as the growth temperature but for different durations:
1:00 min and 5:00 min. As it can be seen, Geo.9oSno.10 was not etched by HCI at all. The Si peak is excluded from
HR-XRD ®-26 coupled scans for a better presentation. The HR-XRD -26 coupled scan of a high quality relaxed

Ge grown on Si (001) is shown as a reference.
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6.5 Chemistry of the Heteroepitaxy of Ge1.ySny Using GeHa

Based on some reference thermochemical data, reactions occurring in the gas phase, which
enable epitaxial growth of Ge1.,Sny epilayers, were predicted [102]. In view of this, possible

pathways to produce Ge or Sn at low temperatures are as follows:

1) SnCl,"+2H" — Sn"+ 2HCI AH?® = -282 kJ/mol
2) GeCl"+2H" —» Ge"+ 2HCI AH/”%® = -73.4 kJ/mol
3) GeH,” —» Ge"+H; AH/*® = 126 kJ/mol
4) GeH, +SnCl," —» GeSn" + 2HCI AH/*® = -248 ki/mol
5) HSnCI® — Sn”"+HCI AH*8 = -27.7 kJ/mol
6) HGeCl” —» Ge"+ HCl AH?® = 238 kJ/mol

It should be noted that H is required in order for reactions 1 and 2 to occur. Additionally, the
only reactions in which H* could be produced are the dissociation adsorption of Ge, as shown

below:

7) GeHi(g)+2-" —» GeHs +H"

8) GeHi(g)+3-" —» GeH, +2H"

The radicals produced from these two reactions are highly reactive and require immediate
contact from SnCI2” reactant in reaction 1 and 4, otherwise they react together and the reverse
reaction of 7 and 8 would occur. Another pathway that consumes some radicals produced in
reaction 8 is reaction 3, which is not favourable compared to 1 and 4 at lower temperatures,
given the positive enthalpy of the reaction. Therefore, to have SnCl, reactants readily available
for these radicals, low ratios of SnCls/GeHs are not favourable, as we need a minimum
concentration of Sn to successfully achieve epitaxial growth of Gei.,Sny. This alone justifies
the observation that the reduction of temperature from 270 °C to 260 °C (or lower

temperatures), lower SnCls/GeH, ratios do not allow Gei.,Sny growth.

As has already been observed in other studies, all possible pathways that create SnCl, have a
negative enthalpy of reaction, which means a constant ratio that reduces temperature could
increase the production of SnCl, and Sn incorporation into growing Gei.ySny layers [102].

Thus, at such a low temperature of 240 °C, the critical concentration of SnCl, for other
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reactions (1 and 4) can be fulfilled at very low ratios of SnCl4/GeHa. Since high exothermic
reactions are more favourable at lower temperatures: (AH <0 — AS <0: AG=AH - TAS),
this leads to a higher concentration of SnCl, at lower temperatures. Therefore, the minimum
ratio of SnCla/GeHa, at which the minimum amount of SnCl; is satisfied, decreases with the

decrease in temperature.

Based on enthalpy data and thermochemical considerations at higher temperatures, reaction 5
can be a more favourable reaction path than 1 or 4 to produce Sn final products. Suppose that
reactions 3 and 2 are occurring fast enough at higher temperatures to consume radicals faster
than reactions 1 and 4, there is no need for a minimum concentration of SnCl; as previously
discussed. Therefore, assuming that there is a critical temperature below which the reaction
pathways switch from 5 and 3 to 1 and 4, the sensitivity of growth to ratios at temperatures

below 270 °C (assuming 270 °C is the critical temperature) can be explained.

Overall, a balance for SnCl, (which is directly related to the ratio of SnCl./GeHa) is required
at lower temperatures at which reactions 5 and 3 are not dominant, because, given the reaction
enthalpies, the most favourable reactions to create Sn”, Ge™ and Ges.,Sny epilayer are reactions
1, 2 and 4, respectively. If SnCl; is too high (because of a very high SnCls/GeH. ratio),
especially at lower temperatures, reaction 1 prevails over reaction 2 and it therefore produced
too much Sn, leading to Sn segregation on the growing layer. On the other hand, if SnCl; is
too low, the radicals of GeH," and H" can be consumed quickly by reacting together and
terminating the growth process. This explains why there is only a small window for the
SnCls/GeHjy ratio, in which competitive reactions can see a relatively equal speed and Gei.,Sny

epilayer can grow as a result.
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6.6 Conclusion

We have shown the possibility of heteroepitaxial growth of Ge1.,Snhy at a very low temperature
of 240 °C, which was previously assumed to be not possible. This is because temperature is
not the only factor that breaks GeHs molecules, but also the amount of SnCls to GeH. should
be taken into account. As growth temperature decreases, the allowed range of the SnCl#/GeH,
ratio, in which growth is possible, shrinks significantly. If the SnCl4/GeHj ratio is too large,
growth is stopped due to segregation due to the high amount of Sn atoms. On the other hand,
if the SnCls/GeH. ratio is too low, growth is also stopped because there is not enough amount
of SnCl, to break an effective number of GeHs molecules to keep up the essential growth rate.
Considering these, it is necessary to have the right SnCl./GeHs ratio as well as a high amount
of GeHas. While sacrificing growth rate at this temperature, it is easier to suppress precipitation

and segregation in Ge1,Sny epilayers.

The lowest possible growth temperature at which epitaxial growth of Ge1.,Sny is allowed was
estimated at ~231 °C, which is very close to the melting point of Sn. However, more
experiments are required to experimentally determine such a minimum growth temperature.
In addition, further research is needed to investigate the growth of Gei,Sny at SnCl./GeHs
ratio below 0.002, especially at growth temperatures of 270 °C and 280 °C. It should also be
noted that further investigation is needed to collect more experimental data to find the

permitted SnCls/GeH, ratio regions more accurately.
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Chapter 7

Strain Relaxation of GeiySny

Epilayers

7.1 Introduction

It has been shown that the bandgap energy decreases as a result of the tensile biaxial strain in
Ge1.ySny, as the effect of the strain is significantly higher in direct gap than in indirect [61,62].
The achievement of Gei.,Sny with a direct bandgap strongly depends on its strain relaxation
[10], as shown in Figure 2.8 on page 13. The effect of the biaxial strain on the bandgap
structure of Gei,Sny was theoretically investigated. It has been suggested that tensile and
compressive strain reduce and increase the required Sn concentration to achieve
indirect-to-direct bandgap transition [50]. Tensile strained Gei.ySny could be grown on
partially or fully relaxed Gei,Sny [63-66], while compressive strained Gei.,Sny could be
grown on Si (001) via Ge-VS [67,68]. Recent predictions show that Ge1.,Sny indirect-to-direct
bandgap transition may be achieved with Sn concentration of 6-11 at.% [50,69-73]. Therefore,
it is essential to fully understand the strain relaxation of Ge1.,Sny epilayers, which is studied

in this chapter.
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7.2 Strain Relaxation of Ge1ySny Epilayers & its he

Fully relaxed GeiySny lattice depends on its Sn concentration. With increasing Sn
concentration in fully strained Gei,Sny, its out-of-plane lattice increases. However, a fully
relaxed Gei.ySny epilayer cannot be grown immediately on Ge-VS due to the large lattice
mismatch between them. When epitaxial growth of Ges1.,Sny on the VS begins, grown layers
are fully compressively strained, which means they have the same inner lattice parameter as
the Ge-VS, but a larger outer lattice parameter, as shown in Figure 2.6 in page 11. Fully
strained Gei.ySny can be grown up to a certain thickness, he, which mainly depends on Sn
concentration (y). Above hc, Ge1.,Sny epilayer gradually begins to relax the tensile strain by
forming misfit dislocations, as shown in Figure 2.6 in page 11. In this section h. and effects

of strain relaxation in Gei.,Sny layers are investigated.

It was explained that very low growth temperatures are used in modern epitaxy methods,
where lattice diffusion is minimised and hc is increased [75]. In this work, the h. of Ges.,Sny,
where strain relaxation begins in the epilayer, is investigated. The Gei.,Sny epilayers were
grown on Si (001) via a relaxed Ge-VS at 260 °C and 500 Torr with a fixed SnCla/GeHa ratio
of 3.3x1073, The Sn concentration of 11.6 at.% was estimated for the fully strained Ge1.,Sny
epilayers. The Sn concentration for each of these samples was measured from RSMs and using
the modified Vegard’s law given in Equation 3.9 on page 37. Five GeiySny epilayers were
grown under the same CVD growth conditions, but with different growth times were grown.
As shown in Figure 7.1, the thickness fringes around Gei.,Sny peak in HR-XRD ®-26 coupled
scan for the Ge1.,Sny epilayer grown for 10:00 min began to disappear completely. This is an
indication of the beginning of strain relaxation in the Gei.,Sny epilayer. The thickness of the
Ge1.ySny epilayer grown for 10:00 was measured using X-TEM as 95 nm. This shows the hc

of ~0.10 um for Ges.,Sny epilayers grown under the given CVD growth conditions.

A thicker Gei.ySny epilayer was also grown for 15:00 min under the same growth conditions,
indicating a relaxation of strain in the epilayer. As seen in Figure 7.1, there is an additional
peak next to each of the HR-XRD ®-26 coupled scans of Gei.,Sny epilayers (with apparent
strain relaxation), which were grown for 10:00 min and 15:00 min. It is important to note, as
already explained in previous chapters, that such peaks or shoulders on the left side of the Ge
peak in HR-XRD ®-26 coupled scans are usually due to polycrystalline Ge1.ySny or Ge1Sny

with very low Sn concentration (around Sn solubility in Ge). Nevertheless, as can be seen in
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Figure 7.1, such peaks or shoulders do not exist in HR-XRD ®-26 coupled scans of fully
strained Gei.ySny epilayers grown under the same CVD conditions. Because of this, apparent
peaks or shoulders are presumably there because of defects in the Ge1.,Sny layers due to strain
relaxation. Further study can be done to investigate whether the shoulder can be removed with

HCI in a similar way that was previously achieved as shown in Figure 6.7 on page 81.

Ge (004) Si (004)

Gey.gg4SNg 116 (004)

GT =3:00 min

Gey.gaSNg 116 (004)
GT =5:00 min

Gey ggsSNg 116 (004)
GT =8:00 min

Geygg4SNg 116 (004)

GT =10:00 min

Logarithmic Relative XRD Intensity (a.u.)

Geg gg2SNg 115 (004)

GT =15:00 min

31 32 33 34 35
®—-20 (°)

Figure 7.1 HR-XRD ®-26 coupled scans for GeiySny grown on Si (001) via a relaxed Ge-VS at 260 °C and
500 Torr using a fixed SnCls/GeHs ratio of 3.3x1073. Sn concentration for each of these samples was measured
from RSMs and using the modified Vegard’s law given in Equation 3.9 on page 37. The thickness of each Ge1ySny
epilayer was measured using thickness fringes appeared around the Ge1-ySny peak and confirmed using the X-TEM.
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7.3 Effects of Strain Relaxation on Ge1.ySny Epilayers

7.3.1 Effect of Strain Relaxation on Sn Concentration

When comparing HR-XRD ®-26 coupled scans of Gei.ySny epilayers shown in Figure 7.1, it
becomes clear that as more strain relaxation is achieved, the Ge1,Sny peak in the HR-XRD
®-26 coupled scan begins to shift to the right. This is solely due to strain relaxation within the
layers of GeiySny and not to a reduction in Sn concentration. This is demonstrated when

measuring the Sn concentration using XRD RSMs.

As shown in Figure 7.2 (top), the Ge1.,Sny grown for 8:00 min is fully strained, and its peak
appeared exactly under relaxed Ge-VS in the asymmetric RSM. However, for the Gei,Sny
grown for 10:00 min, as shown in Figure 7.2 (middle), the Gei.ySny peak in the asymmetric
RSM is slightly shifted to the left, indicating the appearance of strain relaxation in the Gei.,Sny
layers. In addition, for the Ge1.,Sny grown for 15:00 min, as shown in Figure 7.2 (bottom), the
Ge1ySny peak in the asymmetric RSM is significantly shifted to the left, indicating a greater
degree of strain relaxation in the Ge1.,Sny layers compared to the previous epilayer, which was
grown for only 10:00 min. As shown in Figure 7.2 (bottom), the Sn concentration of Ges.,Sny
epilayer grown under the same CVD growth conditions has indeed increased due to strain
relaxation. In the next section, the reason is tended to be explained. The Gei,Sny epilayer
grown for 15:00 min has 0.2 at.% more Sn concentration than the fully strained Gei.,Sny
epilayer grown for 8:00 min. For the Ge1,Sny epilayer, which was grown for 10:00 min, no
change in Sn concentration was observed. The reason for this is that the epilayer has just begun

to relax at the h; of ~0.10 pm.

To confirm the effect of strain relaxation on Sn concentration, a thicker Ge1.,Sny epilayer was
grown for 20:00 min under the same growth conditions. Symmetric and asymmetric RSMs of
the heterostructure are shown in Figure 7.3. At first glance, two Gei,Sny peaks in the
asymmetric RSM can be noticed. Before discussing double Gei1.,Sny peaks, it is important to
note that both of Ge1ySny peaks are more relaxed (shifted more to the left in asymmetric RSM)
than the Gei.,Sny peak in asymmetric RSM of thinner Ges.,Sny epilayers. In addition, both
Ge1ySny peaks indicate higher Sn concentrations than thinner Gei.,Sny, as shown in Figure

7.2, which confirms an increase in Sn concentration due to strain relaxation.
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Figure 7.2 Symmetric and asymmetric RSMs for Ge1-ySny grown with different growth times on Si (001) via Ge-VS
at 260 °C and 500 Torr using a fixed SnCla/GeHs ratio of 3.3x10°. Their HR-XRD «-20 coupled scans are shown

in Figure 7.1. Top: 79 nm thick Geo.ss4Sno.116 grown for 8:00 min.

Middle: 95 nm thick Geo.ssaSno.116 grown for

10:00 min. Bottom: 128 nm thick Geo.ss2Sno.118 grown for 15:00 min.
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Figure 7.3 Symmetric and asymmetric RSMs for 150 nm thick Geo.s7sSho.122 grown with growth time of 20:00 min
on Si (001) via relaxed Ge-VS at 260 °C and 500 Torr using a fixed SnCla/GeHs ratio of 3.3x1073,

It is important to discuss the reasons for the appearance of two Gei.ySny peaks (as can be seen
in Figure 7.3) in asymmetric RSM of Ges.,Sny epilayer grown for 20:00 min. This behaviour
is observed in later chapters, in which very thick Gei,Sny epilayers are grown. The
justification for this behaviour is as follows: the second peak, which indicates that Gei.,Sny
layers with a slightly higher Sn concentration can be grown when a certain strain relaxation is
achieved. The Sn concentration increases gradually and steadily as the layers relax (as the
thickness of the epilayer increases) until a certain point, which is discussed in the next section.
After this certain point, there is a sudden transition to Sn concentration, because the top layers
(which now act as an intermediate substrate) allow Gei.,Sny to grow with such a higher Sn
concentration. This effect itself can be due to two reasons, which will be also discussed in the

next section.

A summary of the effect of strain relaxation on the incorporation of Sn into Ge1.,Sny epilayers
is shown in Figure 7.4. For the Ge1.,Sny epilayer with growth time of 20:00, only one peak is
included (the one with lower Sn concentration). It should be noted that this summary is only
valid for Gei.ySny epilayers grown under the same CVD conditions using the same precursors
and respective partial pressures. This is because each of these CVD conditions can influence
lattice diffusion and thus h.. For example, as the growth temperature decreases, lattice
diffusion is minimised which increases the h; [166]. Another example is the Sn concentration
itself: as the Sn concentration in the Gei.,Sny epilayer increases, the h. decreases, so the

epilayer strain relaxation is achieved more quickly.
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Figure 7.4 Effect of growth time and strain relaxation on the Sn concentration in GeiySny epilayers grown at

500 Torr and 260 °C using 3.3x10° SnCls/GeHjs ratio.

7.3.2 Effect of Strain Relaxation on Growth Rate

In this section, the effect of strain relaxation on the growth rate of Ge1.,Sny epilayers, which
were grown at 260 °C and 500 Torr with 3.3x107% SnCls/GeHy, is investigated. As shown in
Figure 7.5, the growth rate of Ge1.,Sny epilayers decreases with increasing growth time. The
growth rate shown in Figure 7.5 is the growth rate for the entire Ge1.,Sny epilayers and it is
important to note that these are the growth rates for the entire growth time. To understand the
effect of strain relaxation on growth rate, it is therefore necessary to investigate the

relationship between growth rate and thickness of Ge1.,Sny epilayers.

20
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Figure 7.5 Effect of growth time and strain relaxation on the growth rate of Ge1.ySny epilayers grown at 500 Torr

and 260 °C using 3.3x107 SnCla/GeHs ratio.
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As shown in Figure 7.6 (top), the average growth rate for fully strain Ge1.,Sny grown up to
10:00 min under the given CVD conditions was 9.8 nm/min. In addition, for partially relaxed
Gei1ySny epilayers, which were grown for 15:00 min and 20:00 min, we assumed that the
growth rate for the initial 10:00 min was exactly the same as the growth rate for those fully
strained Gei.ySny epilayers. In view of this assumption, the average growth rate from
10:00 min to 15:00 min was measured at 6.1 nm/min and the average growth rate from
15:00 min to 20:00 min was measured at 4.4 nm/min. These growth rates are simply calculated

by growing Gei.,Sny with different growth times.
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Figure 7.6 Top: Average growth rate (nm/min) at the given thickness (nm) of the Ge1-ySny epilayer and its relevant
growth time (min). As the thickness of the Ge1-ySny epilayer increases, the growth rate decreases. Bottom: Average
growth rate (nm/min) actual data points collected experimentally.

Considering the average growth rates of epilayers depending on their thickness, which are

shown in Figure 7.6 (top), it could be possible to understand the effect of strain relaxation on
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growth rates. As shown in Figure 7.6 (bottom), a straight line (orange colour) is fitted to the
data, which represents the average growth rate at the given thickness of the Ge1.,Sny epilayer.
It can be assumed that the growth rate remains constant for thicknesses below the h, in which
all Ge1.ySny epilayers are fully strained. Therefore, a straight horizontal line was fitted to those
epilayers with thickness of up to hc. The epilayers, grown with thickness of above h, are
partially relaxed, and their degree of relaxation is discussed in the next section. It is also
evident that the rate of suppression in the average growth rate is at its highest level just after
the Gei1.ySny epilayer passes the hc, and gradually the rate of reduction in the average growth

rate decreases as the thickness of the epilayer increases.

7.3.3 Effect of Strain Relaxation on Quality of Ge1.ySny Epilayers

If Ge1ySny epilayer thickness is greater than the he, at the two ends of the misfit dislocations
can form [55], as shown in Figure 2.6 on page 11. These dislocations could create a loop so
that the two ends can join or thread onto the surface, which could potentially restrict relaxed
of Ges.ySny applications [56,57]. However, in this section only the effect of strain relaxation
on surface morphology is investigated. Surface roughness in terms of RMS for all Ges.,Sny
epilayers grown in this chapter is shown in Figure 7.7. It is obvious that the surface roughness
remained low for all fully strained GeiySny epilayers, and as soon as a h. of ~0.1 um was
achieved (at growth time of ~10:00 min), the surface roughness began to increase. This is
probably due to Sn precipitation, which is a consequence of strain relaxation [6], and also to

Sn segregation on the surface of Ge1.ySny epilayers.

i Strain Relaxation
Fully Strained Ge,_,Sn,

Surface Roughness RMS (nm)

0 5 10 15 20
Growth Time (min)

Figure 7.7 Surface roughness RMS of Gei.ySny epilayers grown on Si (001) via a relaxed Ge-VS at 260 °C and
500 Torr using 3.3x10° SnCls/GeHa ratio. Surface roughness increased with the increase in growth time, especially
after the he of ~0.1 um, which was achieved at the growth time of 10:00 min.
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7.4 Explanation of Effect of Thickness & Strain Relaxation
on GewySny Epilayers
In this section, the effects of strain relaxation on Sn concentration and growth rate of Ge1,Shy

epilayers are explored. The in-plane and out-of-plane strain of Ge1.,Sny epilayers grown were

estimated using the following equations:

GeSn GeSn
a" —Qq

Strainin—plane = W (7.1)
i aEeSn_ageSn
Stralnout—of—plane = W (7.2)

Where a; and a; are in-plane and out-of-plane of the lattice respectively as shown in Figure
7.8. Also a§®S™ refers to the relaxed lattice constant for Ges.,Sny at a given Sn concentration,
and GeSn refers to the actual GeiySny epilayer grown and its HR-XRD ®»-26 coupled scan

and RSMs were collected.
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Figure 7.8 Left: two dimensional schematic of diamond cubic structure of fully relaxed Gei-ySny lattice. Right:
two-dimensional schematic of diamond cubic structure of GeiySny lattice, which can be fully strained or
partially/fully relaxed, grown on a relaxed Ge buffer. Exaggerated differences for both lattice constants and size of

atoms are considered for a better representation.

By using Equations 7.1 and 7.2, in-plane and out-of-plane strain of grown Gei.,Sny epilayers
in this chapter were calculated and given in Table 3. It is evident that the thickness of the
Ge1.ySny epilayer does not affect in-plane or out-of-plane strain if the thickness is less than the
hc¢ (~0.10 um). However, when the thickness of the Ge1ySny epilayer exceeds the hc, the strain

relaxation begins and both in-plane and out-of-plane of the epilayer converge towards relaxed
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lattice constant, a§5™. It should also be noted that grown Gey.,Sny epilayers are compressively

strained, as shown in Figure 2.8 on page 13.

Growth Time Thickness In-plane Out-of-plane  Average Sn Average Growth
(min) (nm) Strain Strain Concentration (at. %)  Rate (hm/min)
3:00 29 -15.4x1073 12.1x10° 11.6 9.7
5:00 50 -15.6x10°8 12.2x10%3 11.6 10.0
8:00 79 -15.8x108 12.4x10%3 11.6 9.9
10:00 95 -15.6x10°% 12.3x10°® 11.6 9.5
15:00 128 -11.1x10°% 8.7x103 11.8 8.5
-9.8x10°® 7.7x10% Two peaks:
20:00 150 7.5
-9.3x10°  7.3x10° 122and 125

Table 3 Summary of effects of strain relaxation on Sn concentration and growth rate of Ge1ySny epilayers grown
at 260 °C and 500 Torr on Si (001) via a relaxed Ge-VS.

Considering the measured in-plane and out-of-plan strain, it is possible to investigate the effect
of strain relaxation on both growth rate and Sn concentration of Gei1.,Sny epilayers. As shown
in Table 3, the average growth rate decreases as more strain relaxation is achieved. These
average growth rates are the growth rate for the entire Gei.ySny epilayers, not at a given
in-plane/out-of-plane strain (or simply at a given thickness). In order to have a true growth
rate at the given thickness, the fitted line to the actual data shown in Figure 7.6 (bottom) can
be used. In this way, the growth rate at a thickness of 128 nm was estimated at ~5 nm/min and
at a thickness of 150 nm was estimated at ~4 nm/min. Based on these estimates, the effect of
strain relaxation on growth rate at given thicknesses can be explored. As shown in Figure 7.9,
the growth rate at the given thickness of the Gei.,Sny epilayer is (almost) linearly dependent
on the in-plane and out-of-plane strain. Since only two data points are available for partially
relaxed Ge1,Sny, more studies are proposed to investigate the effect of strain relaxation on the

growth rate of the Ge1,Sny epilayer at a given thickness.

As explained previously, the growth rate of Ge:.,Sny mainly depends on the Ge incorporation
in the growing layers. Since all growth conditions remained the same over the growth of all

Ge1.ySny epilayers in this chapter, the production of Ge atoms remained constant. Therefore,
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the suppression of the Ge incorporation in growing layers cannot be due to the lack of Ge
adatoms produced in the chamber. It seems that the strain relaxation directly influences the
incorporation of Ge. As Gei.,Sny relaxes more, a lower percentage of available Ge atoms on

layers can be incorporated into the growing layers, resulting in a reduction in the growth rate.
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Figure 7.9 The effect of strain relaxation, which is due to the thickness of Ge1ySny epilayer, on the growth rate of
the epilayer. The growth rate at given strain relaxation state were estimated using the fitted line to actual data points

given in Figure 7.6. In-plane and out-of-plane strain were calculated by Equations 7.1 and 7.2.

Finally, the effect of strain relaxation on average Sn concentration can be examined. It should
be noted that here we only discuss the average Sn concentration across the entire Ge1ySny
epilayer, and not the Sn concentration at a given thickness of Ge1.,Sny epilayer. As shown in
Table 3, the average Sn concentration increases as a result of strain relaxation. This can be
explained simply by taking into account the effect of the growth rate on the average Sn
concentration of Ges.,Sny epilayers. As shown in Figure 4.12 on page 56, the average Sn
concentration increases as the growth rate decreases. Similar behaviour was also observed for
Ge1.ySny epilayers grown at lower growth temperatures, as shown in Figure 6.4 and Figure 6.5
on page 79. Like Ge production, as CVD growth conditions remained the same, the Sn
production remained the same during the growth of Ge1.,Sny epilayer. Therefore, as the growth
rate decreases, more of produced Sn atoms have the chance to incorporate into Gei.,Sny

growing layers, leading to an increase in Sn concentration.
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7.5 Conclusion

The effect of strain relaxation in compressive strained Gei.,Sny on growth rate and Sn
concentration of Gei.ySny epilayers, which were grown at 260 °C and 500 Torr with
SnCl./GeH, ratio of 3.3x107, was investigated. It is important to note that strain relaxation
could be different in Gei.,Sny epilayers with the same Sn concentration but grown under
different CVD growth conditions. More experiments should therefore be carried out to
investigate strain relaxation for Gei.,Sny epilayers grown under different CVD growth
conditions. Moreover, since the strain relaxation in Gei.,Sny epilayers affects the electrical,
for example indirect-to-direct bandgap transition [50,69-73], and the physical properties of
epilayers, it is therefore essential to consider further investigations in order to fully understand

the mechanism of strain relaxation of Ges.,Sny epilayers.
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Chapter 8

Gei1-ySny Epitaxy Using SnCli/GeH4
Grading Technique

8.1 Introduction

In this chapter, we examined the impact of grading the SnCls/GeHs ratio during epitaxial
growth of GeiySny epilayers on their growth and quality. Here, the grading means that the
SnCl, flow rate is tuned at a constant rate from a very low level (for example 5 sccm) to an
appropriate level (for example 100 sccm) during growth. SnCl./GeH, grading was tested at
two temperatures: 280 °C and 260 °C, and the respective results are given and discussed in
this chapter. This technique was not tested for epitaxial growth of Gei.,Sny binary alloys. This
method is proposed to achieve a high Sn concentration Ges.,Sny using Gei.,Sny with lower Sn
concentration as an intermediate epilayer (similar to a VVS) to minimise the effective lattice
mismatch. However, to achieve this, it is necessary to grow thick enough Gei.,Sny with low
Sn concentration to achieve some relaxation. Otherwise, the use of fully strained Gei.,Sny

offers the same in-plane lattice constant as that of the relaxed Ge-VS.
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8.2 Ge1ySny Epitaxy with Grading Technique at 280 °C

8.2.1 Heterostructures of Ge1ySny Epilayers Grown at 280 °C Using Grading

For this study, Gei1-,Sny epilayers were grown on Si (001) substrate via a ~0.7 um thick relaxed
Ge-VS at 280 °C and 500 Torr using 70 sccm SnCls with SnCls/H: ratio of 0.25 % (70 sccm
gas flow of SnCl, diluted at 0.25% in H; carrier gas). Fully strained Geo914Snooss, Figure 8.1
(@), as well as partially relaxed Ge1.,Sny, Figure 8.1 (b), both of which were grown under the
same growth conditions, are presented to understand the effect of intermediate grown graded
Gei1ySny. As shown in Figure 8.1 (c), the graded Ge;.,Sny was grown with variable SnCls-H,
gas flow, tuned from 5 sccm to 70 sccm, over its growth time of 40:00 min. The total growth
time for Figure 8.1 (c), graded Gei,Sny (variable SnCls-Hy) plus Gei.ySny (fixed SnCls-Hy),
was kept at 50:00 min for a better comparison with Figure 8.1 (b) which has a total growth
time of 50:00 min for its Gei.,Sny growth.

Ge1-ySny grown for 5:00: Geo.914Snyo.08s ~83 Nm

Relaxed Ge-VS ~0.7 um

Si (001) substrate
(b) Ge1ySny grown for 50:00

Relaxed Ge-VS ~0.7 um
Si (001) substrate

(©) GeiySny grown for 10:00
graded Ge1.ySny for 40:00
Relaxed Ge-VS ~0.7 um

Si (001) substrate

Figure 8.1 Cross sectional schematic of Ge1ySny as well as graded Ge1-ySny grown on Si (001) substrate via relaxed
Ge-VS. All Ge1ySny layers were grown with the RP-CVD system at 280 °C and 500 Torr using fixed SnCls-H2
flow rate of 70 sccm. However, for graded Gei.ySny epilayer, SnClsa-Hz flow rate was tuned from 5 sccm to 70 sccm
over its growth time.
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8.2.2 ®-20 Coupled Scan of Ge1.ySny Epilayers Grown at 280 °C Using Grading

HR-XRD ®-26 coupled scans of the given heterostructures (given in Figure 8.1), are shown
in Figure 8.2. As expected, thickness fringes are visible in the »-20 coupled scan of fully
strained Geo.914SNo.0ss\Ge-VS\Si (001), Figure 8.2 (a), which confirms that the epilayer is fully
strained. However, for other two ®-26 coupled scans, Figure 8.2 (b) and (c), no thickness
fringes are visible and there are also two peaks that correspond to Gei.,Sny (between ~32° and
~32.5°). As explained and shown in Figure 7.3 on page 91 in chapter 7, strain relaxation in

the Ges.ySny epilayers can cause the appearance of double Gei.,Sny peaks.
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Figure 8.2 HR-XRD ®-26 coupled scan of (a) 83 nm thick fully strained Geo.s14Sn0.0ss\Ge-VS\Si (001), (b) Partially
relaxed Ge1-ySny\Ge-VS\Si (001), and (c) Ge1-ySny\Graded-Ge1-ySny\Ge-VS\Si (001), which their heterostructures
are all shown in Figure 8.1. For (b) and (c), the total growth time of all grown Ge1-ySny (including any graded) was
kept the same at 50:00 min for a better comparison.

In addition, HR-XRD w-26 coupled scan of Ge1.,Sny\\Graded-Ge1.,Sn\\Ge-VS\Si (001), Figure
8.2 (c), compared to that of partially relaxed Ge1,Sn,\\Ge-VS\Si (001), Figure 8.2 (b), shows
a slightly broader Gei.,Sny peak with a larger range of Sn concentration. However, the use of
the grading technique (varying SnCls-H: gas flow) did not provide Ge1.,Sny with tuned y from
0 to its possible maximum at this growth temperature. As discussed in chapter 6, it is not
possible to achieve any Sn concentration at a specific CVD growth conditions (shown in

Figure 6.5 on page 79), and also growth is not allowed with any range of SnCls/GeH. ratio at
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a given growth temperature (shown in Figure 6.6 on page 80). This means that during the
growth of the graded Ge1.ySny, no Gei.,Sny was successfully grown until a certain SnCl./GeHa
ratio was reached. This confirms why the Ges.,Sny peak of graded-Ges.,Sny, Figure 8.2 (c), is
lower than that of partially relaxed GeiySny, Figure 8.2 (b), although the growth times of

Ge1.ySny epilayers were the same at 50:00 min for both samples.

8.2.3 RSMs of Ge1ySny Epilayers Grown at 280 °C Using Grading

Symmetric and asymmetric RSMs were scanned on both partially relaxed
Ge1.ySny\Ge-VS\Si (001) and Gei.ySny\Graded-Ge;.,Sn,\Ge-VS\Si (001) to estimate the tilt
and strain state of the epilayers as well as the Sn concentration at each of the two peaks shown
in respective m-260 coupled scans. For a better comparison, symmetric and asymmetric RSMs
of fully strained Geo914Sno.0ss\Ge-VS\Si (001) are also shown in Figure 8.3 (b). A higher Sn
concentration (~0.5 at.% more) was achieved for partially relaxed Ge:.,Sny epilayer Figure 8.3
(b) compared to the heterostructure that graded-Ge;-,Sny was grown as an intermediate layer,
Figure 8.3 (c). As already mentioned, this is because no Gei.ySny could be grown during the
growth of graded-Ge1.,Sny until SnCls-H; reached a certain level. So, a thinner Ge1.,Sny could
be grown and less strain relaxation was achieved, resulting in less Sn incorporation into the
Ge1.ySny epilayer. The details of in-plane and out-of-plane strain values as well as the Sn

concentrations of Gei1.ySny epilayers are shown in Table 4.

Growth Time (min) In-plane Strain Out-of-plane Strain ~ Sn Concentration (at. %)
5:00 -11.8x10°% 9.2x10°% 8.6

50:00 -3.3x10° 2.6x10°% 125

40:00 graded + 10:00 -5.4x10° 4.2x107% 12.0

Table 4 Summary of in-plane and out-of-plane strain values, as well as the Sn concentrations of Ge1-ySny epilayers
discussed in this section.
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Figure 8.3 Symmetric and asymmetric RSMs for Ge1ySny

heterostructures which are shown in Figure 8.1 with

respective -20 coupled scans given in Figure 8.2. As it can be seen here, the use of graded Gei.,Sny does not

support to achieve a higher Sn concentration in Gei-ySny

as growth is not allowed at all SnCls/GeHs ratios.

Therefore, thinner Ge1ySny and less strain relaxation were achieved while graded Ge1.ySny was grown which results

in lower Sn concentration.
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8.3 Ge1ySny Epitaxy with Grading Technique at 260 °C

8.3.1 Heterostructures of Ge1ySny Epilayers Grown at 260 °C Using Grading

For further investigation of the effect of Gei.,Sny grading at different growth temperatures,
Ge1.ySny epilayers are grown on Si (001) substrate via ~0.66 pm thick relaxed Ge-VS at a
260 °C and 500 Torr using 100 sccm SnCls with SnCls/H; ratio of 0.25 % (100 sccm gas flow
of SnCl, diluted at 0.25% in H, carrier gas). Fully strained GegssaSno116, Figure 8.4 (a), as
well as partially relaxed Ge.,Sny, Figure 8.4 (b), both of which were grown under the same
growth conditions, are presented to examine the effect of intermediate graded Gei.ySny. As
shown in Figure 8.4 (c), the graded Gei.,Sny was grown with variable SnCls-H, gas flow,
tuned from 5 sccm to 100 sccm, over its growth time of 50:00 min. The total growth time for
Figure 8.4 (c), graded Gei.,Sny (variable SnCls-H2) plus GeiySny (fixed SnCls-Hz), was
maintained at 70:00 min for a better comparison with Figure 8.4 (b) which also had a total

growth time of 70:00 min for its Ge1ySny growth.

Ge1-ySny grown for 8:00: Geo.gs4Snyo.116 ~80 Nm

(a)
Relaxed Ge-VS ~0.66 um
Si (001) substrate

Ge1.ySny grown for 70:00
(0) Relaxed Ge-VS ~0.66 um
Si (001) substrate

Ge1-ySny grown for 20:00
(c) graded Ge1.ySny for 50:00
Relaxed Ge-VS ~0.66 um

Si (001) substrate

Figure 8.4 Cross sectional schematic of Ge1ySny as well as graded Ge1-ySny grown on Si (001) substrate via relaxed
Ge-VS. All Ge1ySny layers were grown at 260 °C and 500 Torr with a fixed SnCls-Hz flow rate of 100 sccm. But,
for graded Ge1-ySny epilayer, SnCls-Hz flow rate was tuned from 5 sccm to 100 sccm over its growth time.
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8.3.2 ®-20 Coupled Scan of Ge1.ySny Epilayers Grown at 260 °C Using Grading

HR-XRD ®-26 coupled scans of the heterostructures (given in Figure 8.4), are shown in
Figure 8.5. As expected, thickness fringes are visible in the »-26 coupled scan of fully strained
Geo.s4SNo.116\Ge-VS\Si (001), Figure 8.5 (a), which confirms that the epilayer is fully strained.
For the heterostructure in which its Ge1.,Sny epilayer was grown for 70:00 min, as shown in
Figure 8.5 (b), there is a peak of just below 32°, which corresponds to the Gei.,Sny with a Sn
concentration similar to that obtained for the fully strained Gei.,Sny grown under the same
growth conditions. However, for this heterostructure, as shown in Figure 8.5 (b), the growth
of Ge1.ySny with high Sn concentration was terminated shortly, and only the growth of Ge1.,Sny

with Sn concentration up to Sn solubility (~1.1 at.%) was achieved.
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10° 1 Ge (004) )
> Ge,,,Sn, (004)
2 10° .
£ I
c
2
E 104 .
103 ]
102 .
31 32 33 34 35
®—260 (°)

Figure 8.5 HR-XRD ®-26 coupled scan of (a) 80 nm fully strained Geo.ssaSno.116\Ge-VS\Si (001), (b) Partially
relaxed Ge1-ySny\Ge-VS\Si (001), and (c) Ge1-ySny\Graded-Ge1-ySny\Ge-VS\Si (001), which their heterostructures
are all shown in Figure 8.4. For (b) and (c), the total growth time of all grown Ge1-ySny (including any graded) was

kept the same at 70:00 min for a better comparison.

For the Geiy,Sny\Graded-Gei.,Sn,\Ge-VS\Si (001) heterostructure, in which SnCls-H, was
tuned from 5 sccm to 100 sccm to grow graded GeiySny, the growth of GeiySn, was not
stopped. It seems the grading technique is useful to enable growth at this growth temperature.
As shown in Figure 8.5 (c), partially relaxed Gei.ySny with high Sn concentration with two

peaks, which correspond to Gei1.,Sny (between ~31.5° and ~32.5°), was achieved. As explained
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and shown in Figure 7.3 on page 91 in chapter 7, strain relaxation in the Ge1ySny epilayers
can cause the appearance of double Ge1.ySny peaks. Similar to the »-26 coupled scan of graded
Ge1ySny grown at 280 °C (Figure 8.2 (c) on page 101), the »-26 coupled scan of graded
Ge1ySny grown at 260 °C (Figure 8.5 (c)) clearly shows that the grading technique did not
provide Gei.ySny with tuned y from 0 to its possible maximum at the growth temperature. As
discussed in the previous section, it is impossible to achieve any Sn concentration at specific
CVD growth conditions (shown in Figure 6.5 on page 79), and also growth cannot be achieved
using any range of SnCls/GeH, ratio at a given growth temperature (shown in Figure 6.6 on
page 80). The allowed range for SnClis/GeHs ratio also shrinks as the growth temperature
decreases (shown in Figure 6.6 on page 80). This means that during the growth of the graded

Ge1ySny, no GeiySny was successfully grown until a certain SnCl./GeHa ratio was reached.
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8.3.3 RSMs of Ge1ySny Epilayers Grown at 260 °C Using Grading

Symmetric and asymmetric RSMs were scanned for all heterostructures shown in Figure 8.4
to estimate the tilt and strain state of the Ge1.,Sny epilayers and their Sn concentrations. As
shown in Figure 8.6 (a) and (b), the comparison of symmetric and asymmetric RSMs of fully
strained Geo.gs2Sno.116\Ge-VS\Si(001) with those of GeiySny\Graded-Ge1.,Sny\\Ge-VS\Si(001)
shows how the growth of Ge1.ySny with high Sn concentration was stopped due to increased
growth time. For the observed peak of just below 32° of ®-20 coupled scan of
Ge1.ySny\Ge-VS\Si (001), shown in Figure 8.5 (b), there is no corresponding peak in its
asymmetric RSM, which is shown in Figure 8.6 (b). The Sn concentration of Gei1.,Sny which

was grown for 70:00 min was measured at 1.0 at.%, just about the Sn solubility in Ge.

For the Gei.ySny\Graded-Ge;.,Sny\\Ge-VS\Si (001) heterostructure, however, the partially
relaxed Gei.ySny with two peaks is evident in Figure 8.6 (c). The Sn concentration of Ges.ySny,
which corresponds to the peak with the highest Sn concentration, was measured at 14.9 at.%.
The Sn concentration has increased as a result of strain relaxation. The details of the in-plane
and out-of-plane strain values as well as the Sn concentrations of Ge1.,Sny epilayers are shown
in Table 5. Comparing Figure 8.6 (a) and (c) with the consideration of the in-plane and
out-of-plane strain, it is clear that due to strain relaxation, the Gei,Sny in the
Ge1.ySny\Graded-Ge;.,Sny\Ge-VS\Si (001) heterostructure has 3.3 at.% more Sn concentration

than that of the fully strain Gesi.,Sny grown under the same growth conditions.

Finally, it should also be noted that the Gei.,Sny epilayer in Gei.,Sn\Ge-VS\Si (001)
heterostructure with a growth time of 70:00 min, has almost the same in-plane and
out-of-plane lattice as that of a relaxed Ge-VS, as shown in Table 5. This is because of the

very low Sn concentration of the Gei.,Sny that is almost about Sn solubility of Sn in bulk Ge.

Growth Time (min) In-plane Strain Out-of-plane Strain ~ Sn Concentration (at. %)
8:00 -15.8x10° 12.4x10° 11.6

70:00 -0.1x10°® 0.1x10% 1.0

50:00 graded + 20:00 -15.1x10°% 11.9x10° 14.9

Table 5 Summary of in-plane and out-of-plane strain and Sn concentrations of Ge1ySny epilayers in this section.
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Figure 8.6 Symmetric and asymmetric RSMs for Gei-ySny heterostructures which are shown in Figure 8.4 with
respective »-20 coupled scans given in Figure 8.5. As can be seen here, the use of graded Ge1-ySny enabled the
growth of Ge1-ySny. When the grading technique was not used, the growth of Ge1-ySny with high Sn concentration
terminated shortly, and only the growth of Gei-ySny with Sn concentration up to Sn solubility in Ge bulk (~1.1 at.%)

was achieved.
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8.3.4 Surface Morphology of Ge1ySny Epilayers Grown on Graded Ge1.ySny

As shown in Figure 8.7 (middle scans), Sn segregation is evident when SnCl4-H was fixed at
100 sccm during the growth of the Ges.,Sny epilayer for 70:00 min. However, as it can be seen
in Figure 8.7 (bottom scans), the Sn segregation, which can potentially terminate growth of
Ge1ySny, was controlled when a grading technique was used. Another reason for suppressing
Sn segregation is not only the grading technique itself, but also the thinner Ge1ySny was grown

when SnCl4-H2 was tuned from 5 sccm to 100 sccm.

0 um 2 4

(b)
296 nm
200
100

—100
—200

—360

42 nm

Figure 8.7 AFM scans of (a) Fully strained Geo ssaSno.116\Ge-VS\Si (001) with RMS of ~1 nm, (b) Partially relaxed
Ge1ySny\Ge-VS\Si (001) with RMS of ~79 nm, and (c) Ge1ySny\Graded-Ge1.ySny\Ge-VS\Si (001) with RMS of
~12 nm. Their heterostructures are all given in Figure 8.4.
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8.4 Mechanism of Growth & Quality of Graded Ge1.ySny

8.4.1 Heterostructures of Graded Ge;.yShy

To measure the growth rate of the graded Gei.ySny, in which SnCls-H; was tuned during its
growth, the following heterostructures, as shown in Figure 8.8, were grown and investigated.
All graded Gei,Sny epilayers were grown on Si (001) substrate via ~0.66 um thick relaxed
Ge-VS at a temperature of 260 °C and pressure of 500 Torr using SnCls, which varied from
5 sccm to 100 sccm during growth, with SnCl./H; ratio of 0.25 % (100 sccm gas flow of SnCl,
diluted at 0.25% in H- carrier gas).

—~~
QD
—

Ge1-ySny grown for 20:00
graded Ge1.ySny for 10:00

Relaxed Ge-VS ~0.66 pum

Si (001) substrate

(b) Ge1-ySny grown for 20:00
graded Ge1.ySny for 30:00
Relaxed Ge-VS ~0.66 um

Si (001) substrate

Ge1.ySny grown for 20:00

—~
O
~—

graded Ge1.ySny for 50:00
Relaxed Ge-VS ~0.66 um

Si (001) substrate

Figure 8.8 Cross sectional schematic of GeiySny\Graded-Gei1ySny\Ge-VS\Si (001) heterostructures in which
Ge1ySny epilayers were all grown at 260 °C and 500 Torr. For the graded Ge1ySny epilayers SnCls-Hz flow rate
was tuned from 5 sccm to 100 sccm over its growth time of either 10:00 min, 30:00 min or 50:00 min. However,
for Ge1-ySny epilayers grown on top of the graded ones, a fixed SnCls-H2 flow rate of 100 sccm was used over the
growth time of 20:00 min.
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While using the same growth conditions for each of these heterostructures, different growth
times were used for each of the graded Ge1.,Sny epilayers to investigate their growth rates at
this temperature. As shown in Figure 8.8, the growth times for graded Ge;ySny were chosen
to be at 10:00 min, 30:00 min and 50:00 min. In addition to graded Gei.,Sny epilayers, a
Gei1ySny epilayer was grown under the same growth conditions, but with a fixed SnCl, of
100 sccm, for 20:00 min for each heterostructure. This could support us to investigate the
effects of graded Ge1.,Sny (as intermediate layer) on the quality of the Gei.ySny epilayer grown

above.

8.4.2 ®-20 Coupled Scans & RSMs

HR-XRD ®-26 coupled scans of the heterostructures (given in Figure 8.8), are shown in
Figure 8.9. For all Gei.ySny\Graded-Ge;.,Sn,\\Ge-VS\Si (001) heterostructures, two peaks,
which correspond to Gei.ySny (between ~31.5° and ~32.5°) can be observed, showing growth

of partially relaxed Ge1Sny, as explained in previous sections.
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Figure 8.9 HR-XRD ®-20 coupled scan of Ge1ySny\Graded-Gei-ySny\Ge-VS\Si (001) heterostructures shown in

Figure 8.8. The only difference between these heterostructures is the growth rate of their graded Ge1-ySny epilayers.

Similar to the ®-26 coupled scans of graded Gei.,Sny presented in the previous sections, the
®-26 coupled scans of heterostructures in this section, shown in Figure 8.9, clearly show that

the grading technique did not provide GeiySny with tuned y from 0 to its possible maximum
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at the growth temperature. As discussed in the previous sections, it is impossible to achieve
any Sn concentration at specific CVD growth conditions (shown in Figure 6.5 on page 79),
and also not all values for SnCl./GeHs ratio at a given growth temperature could provide
successful growth (shown in Figure 6.6 on page 80). The allowed range for SnCl./GeHj, ratio
also shrinks as the growth temperature decreases (shown in Figure 6.6 on page 80). This means
that during the growth of the graded Gei,Sny, no Gei.ySny was successfully grown until a

certain SnCl,/GeH, ratio was reached.

Symmetric and asymmetric RSMs were scanned for all heterostructures shown in Figure 8.8
to estimate the tilt and strain state of the Gei.,Sny epilayers and their Sn concentrations. As
shown in Figure 8.10, the partially relaxed Gei.,Sny with two peaks is evident for all
heterostructures. More strain relaxation is achieved as the growth time of the graded Ge1,Sny
is increased. In addition, the Sn concentration is slightly increased due to the increased growth
time of the graded Gei.,Shy. It was difficult to find the exact position of the Ge1.ySny peak in
RSMs to estimate the Sn concentration with higher precision, so more RSM scans with better

resolution should be taken.

Although it is obvious that a higher Sn concentration was achieved as a result of strain
relaxation, and strain relaxation was probably achieved due to an increase in the thickness of
Ge1.ySny, it is necessary to accurately measure the thickness of GeiySny epilayers. In the next
section, X-TEM micrographs were taken to measure thickness and investigate the quality of

epilayers.
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Figure 8.10 Symmetric and asymmetric RSMs for heterostructures which are shown in Figure 8.8 with respective

®-20 coupled scans given in Figure 8.9. The only difference between these heterostructures is the growth rate of

their graded Ge.ySny epilayers.
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8.5 Quality of Ge1ySny\Graded-Ge1.ySny\Ge-VS\Si (001)

8.5.1 Epilayer Thickness & Defect Studies

All thicknesses for partially relaxed Gei.,Shy as well as thicknesses of heterostructures given
in Figure 8.8 (a), (b) and (c) were all measured using X-TEM as there would be no thickness
fringes in their ©-26 coupled scans. It should be noted that it is impossible to distinguish
Ge1.ySny grown with variable (grading) SnCl, or fixed SnCl4 gas flow in X-TEM. The growth
rate of Ge1.,Sny at fixed SnCl, gas flow was measured separately from other samples in which
no grading was performed, but the growth rate varies due to strain relaxation, as shown in
chapter 7. The change in growth rate due to strain relaxation cannot be disregarded, as it can

vary significantly.

Thicknesses of total grown Ge1,Shy for Figure 8.8 (a), (b) and (c) are ~200 nm, ~280 nm, and
~350 nm, respectively. As a result, the average Gei.,Sny growth rates for the entire GeiyShy
(including fixed or grading SnCl.) for Figure 8.8 (a), (b) and (c) were estimated at 6.7 nm/min,
5.6 nm/min and 5.0 nm/min, respectively. The growth rate of fully strain Ge1.,Sny grown under
the same CVD growth conditions was estimated at 9.8 nm/min, as shown in Figure 7.6 on
page 93. Considering Figure 7.5 on page 92, which shows the average growth rate for the
entire Ges.,Sny epilayer grown under the same growth conditions, we realised that the average
growth rates of Ge1,Sny epilayers for Figure 8.8 (a), (b) and (c) are lower than expected. This
is because growth is not allowed at all SnCl./GeHj, ratios under these CVD growth conditions.
As shown in Figure 6.6 on page 80, there is only a narrow range of SnCls/GeHj ratio, ~3.5x107
to ~5.0x10?, that growth of Gei.,Sny is allowed at temperature of 260 °C and pressure of
500 Torr. The decrease in the average growth rate is due to strain relaxation, as described in
chapter 7, and shown in Figure 7.5 on page 92. Therefore, the following equation was used
for each heterostructure shown in Figure 8.8 to estimate the average growth rate for entire

Ge1ySny in each of the heterostructures:

ThicknessGel_ySny

Average GRGel_ySny = (8.2)

GTGel_ySny

Using the equation given above, the average growth rate for the entire Ge1ySny (both Ge1,Sny
epilayers in which SnCl, was either fixed or varied) was estimated at 6.7 nm/min, 5.6 nm/min
and 5.0 nm/min for Figure 8.8 (a), (b) and (c), respectively. However, as already explained,

the growth rate decreases due to strain relaxation. Therefore, the following equation was
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proposed to estimate the average growth rate of partially relaxed Ge1.,Sny. It should be noted
that the growth rate for fully strained Ge.,Sny as well as its growth time are known and given

in chapter 7, Figure 7.5 and Figure 7.6 on pages 92 and 93.

Total ThiCknessGel_ySny = [GR X GT]fully strained + [GR X GT]partially relaxed (8'2)

Where GR and GT are growth rate and growth time of Gei.,Sny at a given strain relaxation
state. Using the equation above with consideration of h. of ~100 nm and the required growth
time of ~10:00 min which after this point strain relaxation begins under these CVD growth
conditions, the average growth rate for partially relaxed Gei.ySny for each heterostructure was
calculated. The average growth rate for partially relaxed Gei,Sny was estimated at
5.0 nm/min, 4.5 nm/min and 4.2 nm/min for Figure 8.8 (a), (b) and (c), respectively. These
values are lower than expected compared to the results given in chapter 7, Figure 7.5 and
Figure 7.6 on pages 92 and 93. This is simply because growth of Ge1.,Shy was impossible for
all SnCls/GeH, ratios, and therefore no GeiySny was grown when SnCls-Hz was in an

unacceptable range.

Finally, X-TEM micrographs were used to investigate the quality of layers in heterostructures
as shown in Figure 8.8. As shown in the X-TEM lattice resolution in Figure 8.11, a smooth
surface was achieved when grading was used. However, the grading has a negative impact on
the interface between graded Gei.,Sny and Ge-VS. This is because when SnCl, starts to tune
from its lowest level of 5 sccm, very low Ge can be produced, which leads to almost no growth.
Similarly, because there is too much Sn on the surface, segregation could occur at some points,

as discussed in chapter 4.
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Ge-VS on Si (001)

Figure 8.11 X-TEM micrographs of GeiySny\Graded-Ge1ySny\Ge-VS\Si (001) heterostructure in which its
GeiySny was grown for 70:00 min (50:00 min varied SnCls-Hz and 20:00 min fixed SnCls-Hz) which its schematic
cross sectional is given in Figure 8.8 (c). Left: X-TEM using ST diffraction condition. The thickness of total
Ge1ySny grown is measured at ~350 nm with Ge-VS at 0.66 um. Right: Smooth surface is evident with lattice
resolution using high resolution ST diffraction condition. Bottom: Lattice resolution of Graded-Ge1ySny\Ge-VS
interface using ST diffraction condition. When tuning SnCly, it is obvious that some layers with high defects due
to too much Sn are formed, but gradually appropriate crystalline Ge1ySny is grown when the right SnCls/GeHa
ratio is reached.

116



8.5.2 Surface Morphology of GeiySny Epilayers Grown on Graded Ge1.ySny

AFM scans of Ge1.,Sny\Graded-Ge1.,Sn\\Ge-VS\Si (001) heterostructures which are given in
Figure 8.8, are presented in Figure 8.12. Considering the studies of surface morphology and
the X-TEM lattice resolution micrographs of the surface of Gei.,Sny epilayers, it is clear that

a smooth surface could be achieved when the grading technique is used.
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Figure 8.12 AFM scans of GeiySny\Graded-Ge1ySny\Ge-VS\Si (001) heterostructures shown in Figure 8.8.
Top: RMS of ~4 nm for heterostructure, in which graded GeiySny was grown for 10:00 min. Middle: RMS of
~5nm for heterostructure, in which graded GeiySny was grown for 30:00 min. Bottom: RMS of ~12 nm for
heterostructure, in which graded GeiySny was grown for 50:00 min. To measure each RMS, corresponding
20pumx20um AFM scan was considered.
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By measuring surface roughness (RMS) values for these heterostructures, a summary plot was
produced, as shown in Figure 8.13. Considering the results, it is possible to investigate the
effect of the growth time of the graded GeiSny epilayers on the surface roughness of the
following Ge1.,Sny epilayers grown above them. As the growth time of the graded Ge1.,Sny
epilayer in the heterostructures increases, the surface roughness of the following Gei.,Sny
grown above it increases significantly. This is probably solely because of the Sn segregation,

which is due to strain relaxation that is occurred as a consequence of an increase in thickness.
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Figure 8.13 Surface roughness of Ge1-ySny\Graded-Ge1ySny\Ge-VS\Si (001) heterostructures shown in Figure 8.8.
The effect of the growth time of the graded Ge1-ySny epilayers on the surface roughness of the following Gei-ySny
epilayers grown above them. Corresponding HR-XRD ®-26 coupled scans and symmetric and asymmetric RSMs

are shown in Figure 8.9 and Figure 8.10, respectively.
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8.6 Conclusion

The grading technique, in which SnCls-H, (or SnCla/GeHs ratio) is tuned during the growth
of Ge1.ySny, was performed at pressure of 500 Torr and two different temperatures of 280 °C
and 260 °C. The effect of the grading technique on the quality of the graded Gei.,Sny was
investigated. It was shown how the grading technique enabled the growth of thick Ge1.ySny by
suppressing Sn segregation at a lower growth temperature of 260 °C. It should also be noted
that the thickness of Gei.,Sny was lower when using the grading technique than when fixed
SnCls-H2 was used. This is because not all values for the SnCls/GeHj ratio are allowed at a
given growth temperature (shown in Figure 6.6 on page 80). This also means that during the
growth of GeiySny using the grading technique, no growth was achieved, and all precursors

were wasted when the SnCl4/GeH, ratio was at unacceptable value during the growth.

The effect of the graded Gei.ySny (as an intermediate layer) on the quality and growth of the
following GeiySny grown above it was also examined. Higher quality Gei,Shy with a
smoother surface (low surface roughness) was achieved with the grading technique than with
fixed SnCls-H,. Furthermore, the grading technique was not found useful to improve the

quality of the interface between Ge-VS and Ges.,Sny, as shown in Figure 8.11 (bottom).

Further research is proposed to investigate the mechanism of grading technique when growing
Ge1.ySny epilayers in more detail. For example, how it supports suppressing segregation during
the growth of Ge1.ySny, the effect of the technique at other growth temperatures and pressures,
how its growth rate behaves and changes during the growth of Ge1.,Sny, and how it influences

the h¢ in which strain relaxation begins.
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Chapter 9

Epitaxial Growth of Doped Gei.ySny
Epilayers

9.1 Introduction

In this chapter, attempt of doping Gei.,Sny binary alloys is investigated. Doped GeiShy
epilayers offer more flexibility to control physical, electrical, and optical properties over
ordinary Gei,Sny binary alloys. The ability to carefully control the incorporation of dopant
into GeyySny binary alloys is essential for the development of efficient and effective
nanoelectronic devices, such as TFETs and MOSFETSs, as well as optoelectronic devices, such
as LASER diodes and LEDs. In this chapter, the incorporation of Si into Ge1.,Sny (as known
as Gei1xySixSny) is also investigated. Many precursors have previously been used to achieve
doped Gei.ySny, such as P(SiHsz)s, P(GeHs)s, PHs, As(SiHs)s, and B2Hs [100,120,177-180].
However, in this research, only two precursors were used: BoHs was used to achieve B doped

Ge1.ySny, and PH3 was used to achieve n-type Ges,Sny binary alloys.

Furthermore, attempt of epitaxial growth of Geix.,SixSny ternary alloys was investigated.
Compared to Gei1.,Sny, a substantially greater incorporation of Sn into Gei.x,SixSnhy epilayer
is therefore required to achieve indirect-to-direct bandgap transition [10]. Incorporation of Si
into Ge1.ySny epilayers not only improves the physical properties of the epilayers, but also
influences their optical and electrical properties, which can be used for device fabrications. As
incorporation of Si into Ges1.,Sny epilayers leads to a faster increase in bandgap at the I'-point
compared to that at the L-point, the indirect-to-direct bandgap transition in Gei,SixShy

mostly depends on the concentration of Si rather than Sn [10].
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9.2 Attempt of Heteroepitaxial Growth of P-type or N-type
Gei1-ySny Epilayers

9.2.1 B Doped Ge1.ySny

Fully strained B doped Gei.,Sn,\\Ge-VS\Si (001) heterostructures were attempt to grown for
3:00 min at temperature of 260 °C and pressure of 500 Torr using B:Hs and
3.33x10° SnCl4/GeH, ratio. Three levels of B,Hs flow were considered: 0.19 ADC,
25.46 ADC, and 200 ADC. Here, the ADC unit is used to convert the analogue signal from a
mass flow controller into a digital signal that can be interpreted by the machine. This data is
subsequently used to control the flow of precursors into the CVD chamber. HR-XRD ®-26
coupled scans of B doped Gei.ySn\Ge-VS\Si (001) epilayers are shown in Figure 9.1. The
thickness of each B doped Gei.,Sny was measured using thickness fringes that appeared in
®-26 coupled scans. The Sn concentration of each of these B doped Gei,Sny epilayers was

determined by symmetrical and asymmetrical RSMs.

T T T T T T
(a) B,H, 0.19 ADC Si (004)
10" || —— (b) B,H, 25.46 ADC .
—— (c) B,H, 200 ADC Ge (004)
10° .
S
\E 10° Gel_ySny (004) |
"(% i 1
S
£ 10 .
10 .
10°
1 L
34 35

Figure 9.1 HR-XRD ®-20 coupled scans of B doped GeiySny epilayers, which were grown for 3:00 min at
temperature of 260 °C and pressure of 500 Torr using B2Hs and 3.33x10°® SnCla/GeHa. (a) 27 nm thick B doped
Geo.884SNo.116\Ge-VS\Si (001), (b) 30 nm thick B doped Geo 894Sno.106\Ge-VS\Si (001), and (c) 33 nm thick B doped
Ge0.905SN0.095\Ge-VS\Si (001).
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At first glance, the apparent shift in the Ge1,Sny epilayers peaks in HR-XRD ®-26 coupled
scans seems to be due to the incorporation of B dopant into the epilayers. However, by careful
consideration of the thicknesses of Ge1.ySny epilayers, all of which were grown for 3:00 min,
different growth rates were observed. In previous chapters, it has been shown how the growth
rate can influence Sn concentration in Gei1.,Sny epilayers. In general, with increases in the
growth rate of Gei.,Sny epilayers, the Sn concentration should be reduced accordingly. The
effect of BoHs on the growth of Ges.ySny epilayers is shown in Figure 9.2; the growth rate for
B doped Gei,Sny epilayers increases with the increase in the flow of B,Hs, and therefore the

Sn concentration decreases.
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Figure 9.2 Effect of B2Hs precursor on the growth of Gei.ySny epilayers, which were grown at temperatures of
260 °C and pressure of 500 Torr using 3.33x10° SnCls/GeHa. Precise B2Hs used during the growth of these
epilayers: 0 ADC, 0.19 ADC, 25.46 ADC, and 200 ADC.

It may seem that Sn is replaced by B in GeiySny epilayers; As ByHs increases, the
incorporation of B into Ge1,Sny increases, while the Sn incorporation decreases. However, a
better explanation can be given by taking into account both Sn concentration and growth rate
simultaneously, as shown in previous chapters, how closely these two are linked. As BHg
increases, the growth rate increases, which (probably) led to a reduction in Sn concentration
in Ge1ySny epilayers. As we have already seen, the growth rate depends closely on the Ge
adatoms, which means how many Ge atoms are produced in the CVD chamber, while the Sn
concentration normally depends on the growth temperature. It seems that the presence of B;Hs
can support Ge production during the growth, yet it is difficult to simply conclude this solely
on the plot given in Figure 9.2. This could only be true if the amount Sn adatoms remains the

same as B;Hg increases, and its presence does not affect Sn production.
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9.2.2 P Doped Gei1,Sny (Ge1ySny with n-doping)

Similarly, fully strained P doped Gei.,Sny\\Ge-VS\Si (001) heterostructures were grown for
3:00 min at temperature of 260 °C and pressure of 500 Torr using PHsz and
3.33x107® SnCl4/GeHa. Three levels of PH; flow were considered: 0.19 ADC, 25.46 ADC, and
200 ADC. HR-XRD ®-26 coupled scans of P doped Gei.ySn)\Ge-VS\Si (001) epilayers are
shown in Figure 9.3. The thickness of each P doped Gei.,Sny was measured using thickness
fringes that appeared in ®-26 coupled scans. The Sn concentration of each of these P doped

Ge1.ySny epilayers was determined by symmetrical and asymmetrical RSMs.
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Figure 9.3 HR-XRD ®-20 coupled scans of P doped GeiySny epilayers, which were grown for 3:00 min at
temperature of 260 °C and pressure of 500 Torr using PHs and 3.33x10% SnCla/GeHs. (a) 27 nm thick
Geo.ssaSno116\Ge-VS\Si (001), (b) 27 nm thick Geoss1Sno119\Ge-VS\Si (001), and (c) 27 nm thick
Geo.s78SN0.122\Ge-VS\Si (001).

Unlike the case of B doped GeiySny epilayers, there is a negligible shift in the Gei,Sny
epilayers peaks in HR-XRD w-26 coupled scans. The thicknesses of Gei.,Sny epilayers, all of
which were grown for 3:00 min, are the same: ~27 nm, representing the same growth rate of
approximately 9 nm/min for all P doped Ge1.ySny epilayers. Therefore, the slight apparent shift
in the Ge1,Sny epilayers peaks in HR-XRD ®-26 coupled scans could only be due to the slight
change in Sn concentration or perhaps the incorporation of P dopant into the epilayers. As

shown in Figure 9.4, the growth rate for P doped Ge1.,Sny epilayers remains constant with the
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increase in flow of PHs, but the Sn concentration calculated from HR-XRD ®-26 coupled

scans and symmetrical and asymmetric RSMs increases slightly, in the range of 0.1 at.%.

It has been explained in earlier chapters that the growth rate of Ge1.,Sny is mainly determined
by the production of Ge adatoms during the CVD growth. As shown in Figure 9.4, since the
growth rate of the P doped Gei-ySny epilayers is constant and does not depend on the flow of

PHjs, it can be concluded that the presence of PHs does not affect the production of Ge adatoms.
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Figure 9.4 Effect of PHs precursor on the growth of GeiySny epilayers, which were grown at temperatures of
260 °C and pressure of 500 Torr using 3.33x10% SnCls/GeHa. Precise PH3z used during the growth of these
epilayers: 0 ADC, 0.19 ADC, 25.46 ADC, and 200 ADC.

It should also be noted that the use of 0.19 ADC of PHs in a similar way to the use of 0.19 ADC
of B2Hs has no influence on the growth of Ge1.,Sny epilayers. On both Figure 9.2 and Figure
9.4 we can see that when 0.19 ADC of B;Hs or PH3 was used, the same Ge1.,Sny in terms of
Sn concentration and growth rate as the intrinsic Ge1.,Sny epilayer (when no B,Hgs or PHz were

used) was achieved.

9.2.3 Surface Morphology of B or P Doped Ge1ySny

AFM scans of intrinsic, B doped and P doped Gei.,Sny which were grown on Si (001) via
relaxed Ge-VS in RP-CVD are shown in Figure 9.5. AFM scans of highly doped Gei.,Sny are
presented for a better investigation of the effect of dopant incorporation on the surface of

epilayers.

All Ge1.ySny epilayers were grown for 3:00 min at temperature of 260 °C and pressure of

500 Torr using 3.33x10° SnClJ/GeHa. Their respective HR-XRD ®-20 coupled scans are
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shown in Figure 9.1 and Figure 9.3. As it can be seen in AFM scans shown in Figure 9.5, the
surface quality of both B doped and P doped Gei.ySny epilayers remained high and RMS for
each of them remained as low as ~1 nm. On the surface of the grown doped Ge.,Sny epilayers,

no Sn segregation or Sn-rich islands or surface defects were observed.

Figure 9.5 AFM scans of intrinsic, B and P doped Gei-ySny which were grown on Si (001) via relaxed Ge-VS in
RP-CVD. Their respective HR-XRD ®-20 coupled scans are shown in Figure 9.1 and Figure 9.3. All Ge1ySny
epilayers were grown for 3:00 min at temperature of 260 °C and pressure of 500 Torr using 3.33x107 SnCla/GeHa.
Top: AFM scans of fully strained intrinsic-Geo.ssaSno.16\Ge-VS\Si (001) with RMS = 1.0 nm. Middle: AFM scans
of fully strained B doped Geo.g05Sno.0es\Ge-VS\Si (001) with RMS = 1.1 nm. Bottom: AFM scans of fully strained
P doped Geos7sSno.122\Ge-VS\Si (001) with RMS = 1.1 nm. All these AFM scans were taken in tapping mode.
AFM scans of highly doped Ge1ySny are presented for a better investigation of the effect of dopant incorporation

on the surface of epilayers.
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The surface roughness of all doped Ge1.ySny epilayers has remained low with RMS of ~1 nm.

As seen in Figure 9.6 incorporation of B or P dopants into Gei.,Sny epilayer does not have any

adverse effect on its surface roughness.
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Figure 9.6 Surface roughness of the intrinsic, B doped, and P doped Gei1-ySny grown on Si (001) substrate via

Ge-VS. Their respective HR-XRD ®-26 coupled scans are shown in Figure 9.1 and Figure 9.3. All GeiySny

epilayers were grown for 3:00 min at temperature of 260 °C and pressure of 500 Torr using 3.33x107 SnCla/GeHa.
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9.3 Ge1xySixSny Epilayers

In this section, growth of Ge1.xySixSny epilayers was investigated. Incorporation of Si into
Ge1ySny epilayers not only improves the physical properties of the epilayers, but also
influences their optical and electrical properties, which can be used for device fabrication.

SioHs was used as Si precursor.

Figure 9.7 shows the cross sectional schematic structure of the layers that are epitaxially grown
in CVD. All Geix.,SixSny epilayers were grown on Si (001) via 0.7 um relaxed Ge-VS at
growth pressure of 500 Torr with growth time of 8:00 min and 70 sccm of SnCls in
combination with GeHa. However, two different growth temperatures of 260 °C and 280 °C
were used to study the effects of Si precursor and Si incorporation on epitaxial growth of

Ge1xySixSny epilayers.

Relaxed Ge-VS ~0.7 um

Si (001) substrate

Figure 9.7 Cross sectional schematic diagram of the Gei-x-ySixSny epilayer grown at either 260 °C or 280 °C on
Si (001) via 0.7 um relaxed Ge-VS at growth pressure of 500 Torr with 70 sccm of SnCls in combination with
GeHas with growth time of 8:00 min.

Two Ges.ySny epilayers were grown under the same growth conditions as those Gei.x.,SixSny
epilayers. In Figure 9.8, the HR-XRD ®-20 coupled scans of these two Ge1.ySny are shown.
As expected, higher Sn incorporation into Gei,Sny and lower growth rate were achieved at
lower temperatures. At growth temperature of 260 °C, GeogsSno.11 Was achieved with growth
rate of ~12 nm/min. On the other hand, at a growth temperature of 280 °C, Geo.92Snoos Was
achieved with growth rate of ~16 nm/min. Both Ge1.,Sny epilayers are fully strained, and their
thicknesses were estimated from thickness fringes that appeared around the Ge1.,Sny peak on

HR-XRD ®-26 coupled scans.

Epitaxial growth of Geix.,SixSny epilayers on Si (001) via ~0.7 um thick relaxed Ge-VS was
investigated at two growth temperatures of 260 °C and 280 °C, under the same CVD growth
conditions used to grow Gei.,Sny epilayers shown in Figure 9.8. The only CVD condition that

was used differently for epitaxial growth of Gei...ySixSny epilayers was the growth time.
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Ge1xySixSny epilayers were grown for 8:00 min instead of 4:00 min. At each growth
temperature, three different SioHs partial flows were used to explore the effects of SioHs flow

on Si incorporation and the growth of the epilayers.
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Figure 9.8 HR-XRD -26 coupled scans for Gei-ySny grown at either 260 °C or 280 °C on Si (001) via a 0.7 um
thick relaxed Ge-VS at pressure of 500 Torr using 70 sccm of SnCls in combination with GeHs with growth time
of 4:00 min. These two Gei1-ySny epilayers were grown under the same growth conditions as those Geix-ySixSny
epilayers.

Figure 9.9 shows three Ge1x.ySixSny epilayers grown at 280 °C with 0.7, 1.5, and 2.0 sccm
Si>Hs. As shown in the figure, the Gei.x,SixSny epilayer grown with 0.7 sccm SizHs has the
same peak as the Ge1,Sny grown at this temperature, as shown in Figure 9.8. Thickness fringes
disappeared due to longer growth time and strain relaxation of the epilayer. At first glance, it
seems as a consequence of Si incorporation, there is no change in the Ge1.,Sny peak. The peak
responsible for Gei.xySixSny did not move towards the Si peak, but this cannot simply be
concluded by looking at the HR-XRD -26 coupled scan. This is because the incorporation
of Sn can shift the peak to the left and cancel the shift made because of Si, thereby effectively

keeping the peak at the same point.

Moreover, for Geix.,SixSny epilayers grown with higher SioHs at 280 °C, there is a very slight
shift in primary GeixSixSny peak at ~32°, as shown in Figure 9.9. The shoulders appeared

next to the peak of Ge may be due to the Geix.ySixSny layers with low Sn concentration close
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to solubility of Sn into Ge. These shoulders could also be due to the very high incorporation
of Si into Ge1x.ySixSny, which should be confirmed by measuring the Si and Sn concentration
of these epilayers. HR-XRD w-26 coupled scan of relaxed Ge grown on Si (001) is provided

as a reference.
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Figure 9.9 HR-XRD w-26 coupled scans for Geix-ySixSny grown on Si (001) via a relaxed Ge-VS at temperature
0f 280 °C and pressure of 500 Torr using 70 sccm of SnCls in combination with GeHa with growth time of 8:00 min.

Similarly, Figure 9.10 shows three Geix.ySixSny epilayers grown at a lower temperature of
260 °C with the same SioHs partial pressure of 0.7, 1.5, and 2.0 sccm. The GeixSixSny
epilayer grown with 0.7 sccm SizHs, unlike the one grown at 280 °C, follows the similar
behaviour of those grown with 1.5 and 2.0 sccm SizHe. For each of the Gei.xySixSny epilayers
grown at 260 °C, there is a clear shift in peak around Gei.,Sny, as shown in Figure 9.10. In
addition, the shoulders appeared next to the peak of Ge may be due to the Ge1.x,SixSny layers

with low Sn concentration close to the solubility of Sn into Ge.

It should be noted that Sn and Si concentrations of Geix.ySixSny cannot be measured from
HR-XRD ®-26 coupled scans or symmetric or asymmetric RSMs. This is because
incorporation of Si shifts the Gei.«SixSny peak to the right, while incorporation of Sn shifts
the GeixySixSny peak to the left. This means that different combinations of Sn and Si

concentrations in the Gei.xySixSny epilayer can have the same peak at the same ®-26 (°).
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Therefore, XPS was used to measure Si and Sn concentrations in the grown Geix.,SixSny

epilayers.
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Figure 9.10 HR-XRD -26 coupled scans for Geix-ySixSny grown on Si (001) via a relaxed Ge-VS at temperature
0f260 °C and pressure of 500 Torr using 70 scem of SnCls in combination with GeHa with growth time of 8:00 min.

Three Ge1xySixSny epilayers were selected for the XPS study. One was Gei.x.ySixSny which
was grown at 260 °C with 0.7 sccm SizHs. Other two Gei.x.ySixSny grown at 260 °C with higher
SioHg partial pressure have similar HR-XRD ®-20 coupled scans which were therefore
disregarded from XPS measurements. The other two Gei.xySixSny considered for XPS
measurements were grown at 280 °C with 0.7 and 1.5 sccm SioHs. The other Geix.ySixSny
epilayer grown at 280 °C with 2.0 sccm SizHs, which has similar HR-XRD w-26 coupled scan

as the one grown with 1.5 sccm Si;Hs, was excluded.

The XPS measurements of these Ge1xySixSny epilayers in the range of 499 eV to 483 eV are
shown in Figure 9.11. An example of background noise is provided in each figure. For each
Ge1xySixSny, the Sn amount on the epilayer after ~10 nm etching was estimated using the
XPS spectra of the Sn 3ds, and Sn 3ds.. As expected, no SnOx was detected after the etching.
The Sn amount detected on the surface could be misleading, as it could be due to Sn
segregation on the surface of the Gei..ySixSny epilayer. Because of this, the Geiy.,SixSny

epilayer was etched for ~10 nm and the XPS measurement was performed shortly after.

130



T T T T T T T T T T T T T T T
[ Example of 0% Sn
) S~ ———Background

k=)

D

L2
©

S

o
<
e

[

o

[&]

[¢B}
n

F}

o

I=

>

o
© 3.2% Sn 3.2% Sn

280 °C
: I : ! : ! : ! : * : * : * . O'7sccm SiZHG

498 496 494 492 490 488 486 484

Binding Energy (eV)

Figure 9.11 XPS spectra of the Sn: 3dz/2 (left Sn peak) and 3ds.2 (right Sn peak). The measurements were performed
using Monochromated Al Ka XPS after etching the Geix-ySixSnhy epilayer for ~10 nm. An example of background
is given as a reference.
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Figure 9.12 XPS spectra of the Si: 2p. The measurements were performed using Monochromated Al Ka XPS after

etching the Ge1-xySixSny epilayer for ~10 nm. An example of background is given as a reference.
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As shown in Figure 9.11, the Sn concentration of Ge1.xySixSny epilayer grown at 260 °C with
0.7 sccm SioHe was estimated as 7.3 at.%. This is approximately ~4 at.% lower than the
Ge1ySny epilayer, which was grown under the same CVD growth conditions, as shown in
Figure 9.8. It seems that the presence of SizHs as a Si precursor reduced Sn incorporation into
Ge1xySixSny epilayer grown at 260 °C. However, it should be noted that the amount of Sn
could possibly be lower at deeper layers of the epilayer. In addition, the etching process could
damage the layers and influence them in such a way that less Sn remains on the surface after
the etching. Therefore, XPS measurements should only be used with each other, not with other

measurements made by other techniques such as HR-XRD.

For GeixySixShy epilayer grown at 280 °C with 0.7 sccm SizHg, the presence of Si precursor
significantly suppressed Sn incorporation. The amount of Sn after ~10 nm etching, as shown
in Figure 9.11, was estimated at 3.2 at.%, which is ~5 at.% lower than the Ge1.ySny epilayer,
which was grown under the same CVD growth conditions, as shown in Figure 9.8. This is
similar to the Ge1.x,SixSny epilayer grown at 260 °C with 0.7 sccm Si>Hs. It seems that the
growth temperature does not change the effect of 0.7 sccm SizHg on the incorporation of Sn
into epilayers. However, a different behaviour was observed for the Geix.ySixSny epilayer
grown at 280 °C with 1.5 sccm Si;He. The increase in SizHgs from 0.7 sccm to 1.5 scecm led to
an increased Sn incorporation in the Ge1x.,SixSny epilayer. Comparing Gei.x.,SixSny grown at
280 °C with 1.5 sccm SioHs with the Ges.,Sny epilayer grown at 280 °C, it is evident that

~2 at.% higher Sn incorporation was achieved due to the presence of Si precursor.

The XPS measurements of Ge1x.ySixSny epilayers, as well as examples of background noise
in the range of 107 eV to 97 eV are shown in Figure 9.12. For each Gei.x,SixSny, the Si amount
on the epilayer after ~10 nm etching was measured using the XPS spectra of the Si 2p. As
expected, no SiO, was detected after the etching. The Si amount detected on the surface could
be misleading, for instance as a result of diffusion or Sn segregation on the surface of
Ge1xySixSny epilayer. Because of this, the Geix,SixSny epilayer was etched for ~10 nm and

the XPS measurement was performed afterwards, in a similar manner as presented previously.

Comparing Gei1-x.ySixSny epilayers grown with 0.7 sccm Si;Hg at two different temperatures
of 260 °C and 280 °C, it is clear that Si incorporation into Ge1xySixSny epilayer increases with
increasing growth temperature. However, there is an important assumption that the

incorporation of Sn does not affect the incorporation of Si into the epilayer. These two

132



Ge1x4SixSny epilayers do not have the same Sn concentration, and to confirm the above

conclusion, more experiments are required.

Finally, the comparison of Gei.xySixSny epilayers, which were grown at 280 °C but with
different SioHs partial pressure, shows that increasing partial pressure of Si precursor increases
Si incorporation into Gei.xySixSny epilayer. Approximately ~114 % increase in Si;Hg partial
pressure increased the Si incorporation by ~223 %. As already mentioned, there is an
important assumption that the incorporation of Sn does not affect the incorporation of Si in
the epilayer. The two Gei.x,SixSny epilayers do not have the same Sn concentration, and to

confirm the above conclusion, more studies are required.
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9.4 Conclusion

In this chapter, doping Gei,Sny binary alloys were studied and presented. Two precursors
were used: B2Hs was used to achieve B doped Gei.,Sny, and PH3 was used to achieve P doped
Ge1ySny binary alloys. The incorporation of B and P into Ges.,Sny epilayers did not affect the
quality of epilayers. However, they slightly influenced the Sn concentration and growth rate

of the epilayers.

Since doped Ges.,Sny epilayers could offer more flexibility to control physical, electrical and
optical properties over ordinary Gei.ySny binary alloys, it is crucial to understand mechanisms
that can control the incorporation of dopant into Gei,Sny epilayers. Further studies are
proposed to understand the effects of B and P incorporation into Ge1.,Sny epilayers, including
Sn concentration, growth rate of epilayers. Finally, explanations of chemical reactions in the
CVD chamber could open up a new path to the development of high quality doped Gei,Sny

epilayers.

The incorporation of Si into Ge1.,Sny (as known as Gei.xySixSny) was also investigated. The
incorporation of Si up to ~3 at.% into Ge1x.ySixSny with a Sn concentration of 9.5 at.% was
successfully achieved. The effects of growth temperature on epitaxial growth of Ge1.x.,SixSny
epilayers were studied. Since the presence of Si precursors and the incorporation of Si into
Ge1xySixSny influence the incorporation of Sn, it can be difficult to reconcile both the
incorporation of Si and Sn simultaneously. Further research is required to understand the

mechanism of epitaxial growth of Ge1.«ySixSny epilayers.
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Chapter 10

Epitaxial Growth of Ge1ySny\Ge &
Ge1ySny\Ge1-.Sn; (y # z) Multilayers

10.1 Introduction

For device fabrication and commercialisation of Gei.,Sny devices, it is essential to develop
appropriate techniques for growth of Ge1.,Sny\\Ge multilayers, Ge\Ge:.,Sn,\\Ge quantum wells
and Ge1.,Sn\Ge1,.Sn; in which y # z. As already explained, Ge growth at low temperatures
(300 °C) is not possible because Ge atoms cannot be produced without the presence of SnCl4
when GeH, precursor is used at low growth temperatures. Similarly, since the Sn
concentration in Gei.ySny closely depends on the growth temperature, it is impossible to grow
Ge1.ySny with very different Sn concentrations at the same growth temperature. It should be
noted that it is still possible to slightly vary the Sn concentration (by not more than
approximately 2 at.%) by changing other CVD conditions, such as the modification of the
SnCl./GeH, ratio. Nevertheless, such Sn concentration variations are limited and may not be
an appropriate technique. Therefore, changing growth temperature during CVD growth seems
necessary to optimise the characteristics of each epilayer. In this chapter, such a method is

investigated and examined in detail.
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10.2 Growth of Ge Cap Layer on Ge1ySny

Ge cap layer with thickness of ~146 nm has been successfully grown on ~8 nm fully strained
Geo.91Snooe. This was achieved by increasing the growth temperature from 280 °C to 350 °C,
just after growth of ~8 nm thick Geo.s1Sno.0s epilayer. This is because the GeHs precursor is
not reactive at such low temperature without the presence of SnCls (as well as its
intermediates, as explained in previous chapters). It is therefore essential to increase the
growth temperature to an appropriate level in order to grow the Ge Cap Layer (or any Ge
epilayer). Other growth conditions, such as pressure, could, however, remain the same. The
cross sectional schematic diagram of the Ge-cap-layer\Geo.o1Sno.os\Ge-VS\Si (001) is shown

in Figure 10.1.

Ge cap layer ~146 nm 10:00 min at 350 °C - 500 Torr

Fully strained Geo.91Sno.co ~8 hm 1:00 min at 280 °C - 500 Torr

Relaxed Ge-VS ~0.76 um
Si (001) substrate

Figure 10.1 Cross sectional schematic diagram of the Ge cap layer grown at 350 °C on fully strained Geo.91SNno.09

grown at 280 °C on Si (001) substrate via relaxed Ge-VS. Growth pressure was kept fixed at 500 Torr; however,
its growth temperature was tuned and flow of SnCls-Hz precursor was stopped when growing Ge cap layer on fully

strained Geo.91SNno.09.

It is important to note that Sn concentration in fully strained Gege1Sho.og epilayer was not
directly measured from this sample, but instead the same Geo.91Sno.09 epilayer was grown with
exact growth conditions without the Ge cap layer, and then its thickness and Sn concentration
was measured using HR-XRD ®-26 coupled scan and corresponding symmetrical and
asymmetric RSMs. In Figure 10.2, HR-XRD »-26 coupled scan of Geg.¢1Sno.09\Ge-VS\Si(001)
heterostructure is shown. Growth of ~31 nm thick fully strained Gegs1Snoge on Si (001) via
Ge-VS was done at temperature of 280 °C, pressure of 500 Torr and growth time of 4:00 min.
Considering the growth time, the growth rate of Geg.91Sno.os epilayer is ~8 nm/min. The same
CVvD growth conditions were used to grow GeooiSnoes  epilayer in
Ge-cap-layer\Geg 91Sno.0s\Ge-VS\Si (001) heterostructure, which its schematic cross sectional

diagram is shown in Figure 10.1.
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Figure 10.2 HR-XRD ®-26 coupled scan of Geoo1Sno.0o\Ge-VS\Si (001) heterostructure. Growth of ~31 nm thick
fully strained Geos1Sno.oe on Si (001) via Ge-VS was done at temperature of 280 °C, pressure of 500 Torr and
growth time of 4:00 min. Considering the growth time, the growth rate of Geo.91Sho.0e epilayer is ~8 nm/min. The
same growth conditions were used to grow Geo91Snoos epilayer in Ge-cap-layer\Geo.o1Snoos\Ge-VS\Si (001)
heterostructure, which its schematic cross sectional diagram is shown in Figure 10.1.

Thickness measurements were done using X-TEM, as shown in Figure 10.3. Thick Ge-VS
was grown not only to achieve strain relaxation, but also to avoid Lomer dislocations. The
appeared defect in the Ge buffer is made during sample preparation for TEM, not during CVD
growth. Growth times for fully strained Geog1Snoos and Ge cap layer are 1:00 min and
10:00 min, respectively. This suggests the growth rate of ~8 nm/min for Geg91Sho.o9 epilayer
and ~14.6 nm/min Ge cap layer. The growth rate of Geog1Shooy epilayer measured using
X-TEM confirms the growth rate of Geoo1Snoos epilayer, which was grown separately,

measured using HR-XRD ®-26 coupled scan thickness fringes.

Lattice resolution X-TEM micrograph is given in Figure 10.4 which presents high quality of
grown epilayers with no defects at interfaces. One important reason for this is because all these
three epilayers (Ge-VS, fully strained Geo91Snoge, and Ge cap layer) have the same in-plane
lattice parameter. Therefore, growing the cap layer above fully strained Gegg1Sno.09 may not
be a challenging task. However, if thicker Ge1.,Sny (with therefore some strain relaxation) is
required, we can expect some defects at the Ge-cap layer Gei,Sny interface, depending on

how much strain relaxation is in the Ge1.,Sny epilayer. In addition, the short gap time between
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the growth of Geo.91Sno.09 and the Ge cap layer, in which the growth temperature was changed
from 280 °C to 350 °C, did not cause Sn precipitation from the Geo91Sno.os epilayer. Instead,
the Sn precipitation can be suppressed by the Ge cap layer, even if the heterostructure goes

through rapid thermal annealing processes at relatively high temperatures.

Glue

Ge cap layer ~146 nm

~8 nm thick +—=
fully strained

Geo.91SNo.09

Relaxed Ge-VS ~0.76 pum

Si (001)
substrate <—

Figure 10.3 X-TEM micrograph of Ge-cap-layer\Geo.o1Sno.0s\Ge-VS\Si (001) heterostructure grown which its cross
sectional schematic diagram is given in Figure 10.1. Ge cap layer was grown at 350 °C on fully strained Geo.01Sno .9
which was grown at 280 °C on Si (001) via relaxed Ge-VS. Both Ge cap and Geo.o1Sno.oe epilayer were grown at
fixed pressure of 500 Torr. The X-TEM micrograph was taken using TEM 2100 in ST diffraction condition. The

appeared defect in Ge-VS was created during TEM sample preparation.
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Figure 10.4 X-TEM micrograph of grown heterostructure Ge-cap-layer\Geo.s1Sno.0s\Ge-VS\Si (001) which its cross
sectional schematic diagram is given in Figure 10.1. Ge cap layer was grown at 350 °C on a fully strained
Geo.o1Snooy epilayer which was grown at 280 °C on Si (001) substrate via relaxed Ge-VS. Both Ge cap and
Geo.01Sno.09 are grown at fixed pressure of 500 Torr. High quality interfaces between epilayers can be seen in this

lattice resolution micrograph, which was taken using ST diffraction condition.
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10.3 Growth of Ge\Ge1ySny Multilayers

The growth of Ge\Gei.,Sny multilayers was investigated using RP-CVD with varied growth
temperature. Several Ge epilayers with different growth times were grown on Geo.91Sno.o9
epilayers. Growth temperatures for Ge and Geog1Snoos were kept at 350 °C and 280 °C
respectively. While growth pressure was fixed at 500 Torr during growth, SnCls was stopped
when the Ge epilayer was growing and GeH. precursor was tuned accordingly. The entire
cross sectional schematic diagram (with respective growth conditions of each epilayer) of
Ge\Geo.91SN0.09\Ge\Geo.91SNo.0s\Ge\Gep 91SNo.0\Ge-VS\Si (001) is shown in Figure 10.5. It
should be noted that the Sn concentration of Gei,Sny in this heterostructure was estimated
separately from another sample by growing the same Gei.,Sny using the same CVD growth
conditions. This estimate is valid as we have considered fully strained epilayers with the same

in-plane lattice parameter.

Ge ~0.24 pm 15:00 min at 350 °C - 500 Torr
Fully strained Geo.91Sno.0s ~26 nm 3:00 min at 280 °C - 500 Torr
Ge ~0.17 pm 10:00 min at 350 °C - 500 Torr
Fully strained Geo.91Sno.0s ~17 nm 2:00 min at 280 °C - 500 Torr

Ge ~0.09 um 5:00 min at 350 °C - 500 Torr

Fully strained Geo.91Sno.os ~9 hm 1:00 min at 280 °C - 500 Torr

Relaxed Ge-VS ~0.76 um
Si (001) substrate

Figure 10.5 The entire cross sectional diagram of Ge\Geo.01Sn0.09\Ge\Geo.91SN0.09\Ge\Geo.91Sno.os\Ge-VS\Si (001)
heterostructure. Corresponding used growth conditions for each epilayer are also given. Ge epilayers were all

grown at 350 °C above a fully strained Geoo1Snoos which were all grown at 280 °C. Growth pressure was
maintained at 500 Torr. However, the growth temperature was modified and the flow of SnCls-H. was stopped
during the growth of the Ge Cap layer. These epilayers were grown with different growth time to carefully
investigate their growth rate.

The thickness measurements of all epilayers shown in Figure 10.5 are achieved using X-TEM,
as shown in Figure 10.6. Thick enough Ge-VS was grown not only to achieve full strain
relaxation, but also to avoid Lomer dislocations. Since different growth times for each epilayer

were used, different thicknesses were achieved. The growth rate for fully strained Geo.91Sno.o9
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is 9 nm/min, which is the same for all three epilayers. This is expected as they are all fully
strained Geog1Snooe With the same Sn concentration of 9 at.% (y =0.09) and no strain
relaxation was observed for these thicknesses. However, the growth rate for Ge epilayers
slightly decreases as growth time increases. This could be due to several engineering factors,
such as the flow rate of GeHa, which could reduce slightly over time. It should be noted that
there is no occurrence of strain relaxation in Ge epilayers, all of which are already relaxed.

The growth rate for Ge epilayers was observed to be ~17 + 1 nm/min.

Ge (15:00 min) 0.24 pm

| Ge (10:00 min) 0.17 pm
|
i

Geo.91SNo.0e (3:00 min) ~26 nm

Gep.91SNo0g (2:00 min) ~17 nm

Ge (5:00 min) 0.09 pm

Ge0.91SN0.09 (1100 min) ~8 nm

Figure 10.6 X-TEM micrograph of Ge\Geo.915n0.09\Ge\Geo.91SNn0.00\Ge\Geo 91Sno.0s\Ge-VS\Si (001) heterostructure
which its cross sectional schematic diagram is given in Figure 10.5. All Ge epilayers were grown at 350 °C on fully
strained Geo.91Sno.os that was grown at 280 °C. The whole heterostructure is grown on Si (001) substrate via a
Ge-VS at a fixed pressure of 500 Torr. The X-TEM micrograph is taken using TEM 2100 in ST diffraction

condition.
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Figure 10.7 Lattice resolution X-TEM micrographs of Ge\Geo.91Sno.09\Ge\Geo.91Sn0.09\Ge\Geo.91SN0.00\Ge-VS\Si
heterostructure which its cross sectional schematic diagram is given in Figure 10.5. Each Ge epilayer was grown
at 350 °C on a fully strained Geo.91Sno.os that was grown at 280 °C. All these multilayers are grown on Si (001) via
a Ge-VS with a fixed pressure of 500 Torr. High quality interfaces between epilayers can be seen in these lattice
resolution micrographs, which were taken with direct diffraction condition. The thickness of each epilayer was
carefully measured via corresponding X-TEM micrograph. Bottom: the first grown Geo.o1Sno.os epilayer with
growth time of 1:00 min. Top-right: the second grown GeooiSnoos epilayer with growth rate of 2:00 min.
Top-left: the third (and final) grown Geo.e1Sno.os epilayer with growth rate of 3:00 min.
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There are some contrast issues with the X-TEM micrograph shown in Figure 10.6 due to lack
of proper focus. This is because the whole heterostructure is thick, making it difficult to
consider appropriate focus for all epilayers. Instead, higher magnifications were used for each

epilayer to confirm their thickness.

Lattice resolution X-TEM micrographs are presented in Figure 10.7 which presents a high
quality of grown epilayers without defects at interfaces. This is because all grown epilayers
have the same in-plane lattice parameter. Growing these epilayers may therefore not be a
challenging task. However, if, for instance, thicker Gei,Sny (with partial strain relaxation) has
been grown, some defects may appear at interfaces that depend on how much strain relaxation

is in the corresponding Gei1Shy epilayer.
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10.4 Growth of Ge1ySny\Ge1:Sn; (y # z) Multilayers

In this section, we tended to grow GeiySny\Gei.,Sn; heterostructure, in which y # z, on
Si (001) via Ge-VS. This could open up new possibilities to improve the quality of grown
epilayers by controlling and suppressing defects at interfaces and Sn segregation. In addition,
more complex Sn-based group IV semiconductor multilayers could be grown, by using a
similar approach, for appropriate device applications. In Figure 10.8, cross sectional schematic
diagram of three heterostructures (with different growth time) in which Ge1.,Sny and Ge1-,Sn;,

epilayers with different Sn concentration (y # z) were grown on Si (001) via relaxed Ge-VS.

Fully strained Geo.gsSno.11 ~0.03 pm 1:02 min | 280 °C | 500 Torr

Fully strained Geo.e3Sno.o7 ~0.03 um 0:33 min | 320 °C | 500 Torr

Relaxed Ge-VS ~1 um
Si (001) substrate

Fully strained (to Geo.92Sno.0s) Geo.ssSno.12 ~0.03 1:02 min | 280 °C | 500 Torr

Partially relaxed Geog2Snoos ~0.5 pm 9:05 min | 320 °C | 500 Torr

Relaxed Ge-VS ~1 um
Si (001) substrate

Partially relaxed Geos7Sho13 ~0.5 um 17:14 min | 280 °C | 500 Torr

Partially relaxed Geog2Snoos ~0.5 um 9:05 min | 320 °C | 500 Torr

Relaxed Ge-VS ~1 um
Si (001) substrate

Figure 10.8 Cross sectional schematic diagram of three samples (with different growth time) in which Ge1-ySny and

Ge1-2Sn; epilayers have different Sn concentration (y # z) were grown on Si (001) via relaxed Ge-VS. Growth
pressure and SnCls-Hz gas flow were kept fixed at 500 Torr and 200 sccm, respectively. To achieve two different
Sn concentrations, different growth temperatures were used, 280 °C for high Sn concentration Ge1ySny and 320 °C

for low Sn concentration Ge1-zSn;.

Growth pressure and SnCls-H, gas flow were kept fixed at 500 Torr and 200 sccm,
respectively. To achieve two different Sn concentrations, different growth temperatures were

used, 280 °C for high Sn concentration Ge1ySny and 320 °C for low Sn concentration Ge1-,Sn;.
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®-260 coupled scan of fully-strained-GeggsSno11\fully-strained-Gep 93Sno.o7\Ge-VS\Si (001)
heterostructure, is shown in Figure 10.9 (black). Successful RP-CVD growth was achieved by
modifying the growth temperature from 320 °C for fully strained Geo93Snoe7 to 280 °C for
fully strained GeogsSnoi1. All three fully strained GegsoSnoin epilayer, fully strained
Geo.93Snoo7 epilayer and relaxed Ge-VS have the same in-plane lattice constant. In addition,
the effect of strain relaxation on Sn concentration of each layer on their Sn concentration was
investigated by growing thicker Gei.,Sny\Ge1.,Sn; epilayers. As shown in Figure 10.9, in the
®-26 coupled scan of GeossSno.12\Geo.92SN0.0s\Ge-VS\Si (001) (red), the thickness fringes for
the peak corresponding to the ~0.5 um thick intermediate epilayer (Geos2Snoes) have
disappeared due to strain relaxation. Also, since there is no shoulder on the left hand side of
the Ge peak in ®-20 coupled scans of grown heterostructures, which shows the suppression
of Sn precipitation and segregation as discussed before. Moreover, the strain relaxation for
both ~0.5 um thick epilayers (Geos7Snois and GeggSnoos) can be observed in the ®-26
coupled scan of Geog7Sng.13\Geo.92SN0.0s\Ge-VS\Si (001) (blue) in Figure 10.9.

T Ml

Si (004)

Ge (004)

Geg7SNg13 Ge6SNg 08

Logarithmic Relative XRD Intensity (a.u.)

. 1 . L . 1 .
31 32 33 34 35

26 (°)

Figure 10.9 HR-XRD ®»-26 coupled scans of Ge1.ySny\Ge1--Sn-\Ge-VS\Si (001) heterostructures, in which y # z.
Their cross sectional schematic diagrams are shown in Figure 10.8. Black: Geo.gsSno.11\Geo.93Sno.o7\Ge-VS\Si (001),
Red: Geo.ssSno.12\Geo92Sno.0s\Ge-VS\Si (001), Blue: Geo.s7Sno.13\ Geo.o2Sno.0s\Ge-VS\Si (001).

To investigate Sn concentration and strain relaxation, HR-XRD Symmetric and asymmetric

RSMs for Ge1.ySny\Ge1.,Sn,\Ge-VS\Si (001) heterostructures were taken. As shown in Figure
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10.10 (top RSMs), ~0.03 pm thick fully strained GeogeSno11 was successfully grown on
~0.03 um thick fully strained Geoe3Snogr. It is clearly evident in the asymmetric RSM of
Geo.59SN0.11\Ge0.93SN0.07\Ge-VS\Si (001) that both GegssSno11\GeogsSnoor epilayers have the

same in-plane lattice constant.

In addition, thicker intermediate Ge;-.Sn;, in which partial relaxation occurred, was grown to
examine its effects on the quality of Ges.,Sny, which was grown above it. As shown in Figure
10.10 (middle RSMs), ~0.03 um thick fully strained GeogsSno.12 was successfully grown on
~0.5 um thick partially relaxed Geog2Sno.s. It is important to bear in mind that, as can be seen
in the asymmetric RSM of GeggsSno.12\Geog2Sno.0s\Ge-VS\Si (001), GeopgsSno12 epilayer is
fully strained in relation to the partially relaxed Gegg92Snoes epilayer. This means that
GeogsSno.12 has the same in-plane lattice constant as the partially relaxed Geg.92Sno s, not the
Ge buffer layer. This can also be confirmed in Figure 10.9 in the HR-XRD w-26 coupled scan
of Geo.ssSNo.12\Geo.92SN0.0s\Ge-VS\Si (001), in which thickness fringes of GeogsSno.12 peak are
visible. Comparing the Sn concentration of both epilayers with the previous heterostructure in
which both Ge1.,Sny\Ge1.,.Sn; epilayers are fully strained, it can be realised that the strained
relaxation in the intermediate Ge1-,Sn; epilayer not only increased the Sn concentration in its

epilayer, but also in the grown Gei.,Sny epilayer by ~1 at.%.

Furthermore, thicker partially relaxed Gei.,Sny\\Ge1..Sn, epilayers were grown. The only
difference between this heterostructure and the previous one is that the top Ges.,Sny epilayer
is also partially relaxed. This can be seen in the HR-XRD ®-26 coupled scan of
Geog7SNo.13\Geo.g2Sno0s\Ge-VS\Si in Figure 10.9, which shows both Gei,Sny\Gei.Sn;
epilayers have no thickness fringes. The characteristics of the intermediate Ge1-,Sn;, Ge-VS
and Si (001) are all the same. However, the top Gei.,Sny epilayer is partially relaxed
concerning the intermediate Gei-.Sn; epilayer. As expected, the Sn concentration in the top
epilayer is increased by approximately 1 at.% as a consequence of strain relaxation. This can
be seen in the asymmetric RSM of Ges7Sno.13\Geo 92SNo.0s\Ge-VS\Si in Figure 10.10 (bottom
RSMs). The Sn concentration of the top Ge1-ySny epilayer in Geos7SNno.13\Geo.92SN0.0s\Ge-VS\Si
is greater by ~2 at.% compared to that of Geg geSno 11\Geo.93Sno.07\Ge-VS\Si . This is due to the
strain relaxation within the epilayer. The strain relaxation of the top Gei.,Sny epilayer came
not only from its own thickness, which passed h, but also from the strain relaxation of the

intermediate Ge1-,Sn; epilayer.
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Figure 10.10 Symmetric and asymmetric RSMs for Gei1-ySny\Ge1-zSn; (y # z) heterostructures grown on Si (001)

via relaxed Ge-VS. Their cross sectional schematic diagrams and respective HR-XRD ®-260 coupled scans

are shown in Figure 10.8 and Figure 10.9, respectively. Top: Geo.goSno.11\Geo.s3Snoo7\Ge-VS\Si (001).
Middle: Geo.ssSno.12\Geo.92Sn0.08\Ge-VS\Si (001). Bottom: Geo.s7SNo.13\Geo.s2Sno.0s\Ge-VS\Si (001).
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10.4.1 Surface Morphology of Ge1.ySny\Ge1.Sn; (y # z) Multilayers

The surface morphology of grown Gei.ySny epilayers was investigated using AFM scans. The
AFM scans with the corresponding surface roughness of three Gei.ySny epilayers grown with

the same growth conditions but with different growth time are shown in Figure 10.11.

As explained in previous chapters, all fully compressive strained Ge1.,Shy epilayers grown by
GeH, precursor, in which Sn segregation is controlled, had low surface roughness of ~1 nm.
As shown in Figure 10.11 (top), the surface roughness of GeogsSno.11\Geo.03SNo.07\Ge-VS\Si,

in which the top epilayer is fully strained, is ~1 nm.

However, when fully strained GeiySny is grown above a thicker intermediate Gei,Sn,
epilayer, which is partially relaxed, the surface roughness (RMS) increases. As shown in
Figure 10.11 (middle), the surface roughness (RMS) of GegssSho.12\Geo.92SNo.0s\Ge-VS\Si is
~7 nm. It should be noted that, as can be seen in the asymmetric RSM of
Geo.88SN0.12\Ge0.92SN0.08\Ge-VS\Si (001) in Figure 10.10, GeossShoa2 epilayer is fully strained
in relation to the partially relaxed Geo.92Snoos epilayer. The GegssSno.12 epilayer has the same
in-plane lattice constant as the partially relaxed Geg.92Sno.0s, Not the Ge buffer layer. This can
also be confirmed in Figure 10.9 in the HR-XRD ®-20 coupled scan of
GeogsSno.12\Geo g2SNo.0s\Ge-VS\Si, in which thickness fringes of GeggsSno1 peak are visible.
Therefore, the increase in surface roughness is solely due to the greater thickness of the
intermediate Geo.92Snoos epilayer, which is the reason for the increase in Sn concentration of

GeossSho.2 (by ~1 at.%) and its in-plane lattice constant.

Additionally, AFM scans of Geg s7SNo.13\Geo.92SNo.0s\Ge-VS\Si (001) heterostructure, in which
both Geos;Snoas and Gepg2Snoos epilayers are partially relaxed, are shown in Figure 10.11.
The HR-XRD ®-26 coupled scan (Figure 10.9) and asymmetric RSM (Figure 10.10) of
Geo87SN0.13\Geo.g2SNo.0s\Ge-VS\Si (001) show both Gei.ySny\Gei1.Sn, epilayers are partially
relaxed. As already explained, the Sn concentration in the top epilayer is increased by
approximately 1 at.% as a consequence of strain relaxation. As shown in Figure 10.11, surface
roughness (RMS) of Gegs7Sno.13\Geo 92Sno0s\Ge-VS\Si (001) is slightly higher, ~11 nm. Apart
from the increase in Sn concentration and in-plane lattice constant due to strain relaxation,
there are no other reasons why the surface roughness is higher and Sn segregation is

controlled, similar to the other two heterostructures.
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Figure 10.11 AFM scans of GeiySny\Ge1-Sn: (y # z) heterostructures grown on Si (001) via relaxed Ge in
RP-CVD. Their cross sectional schematic diagrams, respective HR-XRD ®-26 coupled scans, and
symmetric/asymmetric RSMs are shown in Figure 10.8, Figure 10.9 and Figure 10.10, respectively. All these AFM
scans are taken using tapping mode. Top: AFM scans of Geo.seSno.11\Geo93Snoo7\Ge-VS\Si (001) with RMS of
~1 nm. Middle: AFM scans of Geo.ssSno.12\ Geo.s2Sno.0s\Ge-VS\Si (001) with RMS of ~7 nm. Bottom: AFM scans
of Geos7Sno.13\ Geo.s2Sno.s\Ge-VS\Si (001) with RMS of ~11 nm. As the thickness of the GeiySny epilayer
increases, which means that more strain relaxation is achieved, the surface roughness in terms of RMS increases.
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10.5 Conclusion

Growth of Ge-cap\Ge1.,Sny\Ge-VS, Gei,Sn\Ge multilayers, and Gei.,Sn\Ge1.Sn; (y # z)
were all investigated. As already mentioned, Ge growth at low temperatures (< 300 °C) is
impossible, because Ge atoms cannot be produced without the presence of SnCls when GeH,
precursor is used at low growth temperatures. Similarly, since the Sn concentration in Ge1.ySny
closely depends on the growth temperature, it is not possible to grow Gei,Sny with very
different Sn concentrations at the same growth temperature. Nevertheless, such Sn
concentration variations are limited and may not be an appropriate technique. Therefore,
changing growth temperature during CVD growth seems necessary to optimise the
characteristics of each epilayer. Successful growth of the corresponding heterostructures, the
investigation of the growth mechanism, and the impact of growth conditions on the quality of
epilayers have been extensively carried out. Further research is necessary to develop and study
the techniques mentioned in this chapter. Depending on the application, it is possible to

epitaxy and engineer epilayers in the required manner.
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Chapter 11

Conclusion

11.1 Achievements & Further Research

The heteroepitaxial growth of Gei.,Sny on a Si (001) substrate via a relaxed Ge-VS was
investigated with either of two commonly available commercial Ge precursors, GeHs and
GezHs, in combination with SnCls precursors, in RP-CVD. Since Ge;Hs is much more
expensive, difficult to handle and store than GeHa, it is of great interest to develop high quality
Ge1ySny epilayers with high Sn concentration using the latter precursor. In chapter 4, the
effects of CVD growth conditions, such as pressure, temperature and SnCl./GeHs ratio, were
carefully studied experimentally when using GeH. over Ge;Hs as the Ge precursor. In
addition, some explanations were given about Sn segregation and its role in the formation of
Sn-rich micro-islands on the surface of the Gei,Sny epilayers. Surface morphology is
important not only for device fabrication, but also for further epitaxial growth on the Ge1.,Sny
epilayers. It was shown that the higher pressure (> 500 Torr) is not only more advantageous
to increase Sn concentration, but also to expand the allowed region for other CVD growth
conditions, such as SnCl./GeHys ratio and growth temperature. In terms of growth temperature,
lowering the temperature generally increases Sn concentration and reduces growth rate. The
temperature can be used as a primary condition to adjust the Sn concentration in Gei.,Sny
during epitaxial growth. In chapter 5, it was demonstrated that both Ge precursors, GeH4 and
Ge;Hs can be used to achieve growth of strained and relaxed Gei.,Sny epilayers, but
incorporation of Sn into Ge1ySny was significantly higher when using the more reactive Ge
precursor, Ge;Hs. The main differences between the two precursors are based on process
optimisation, which enables the growth of GeiySny binary alloys with sufficient Sn
concentration at relatively lower cost. The results demonstrated that when using GeHa, a lower
Ge1ySny growth rate was achieved than when using Ge:Hs under very similar growth
conditions. Ge1.,Sny epilayers grown with GeHs had lower surface roughness than epilayers

grown with Ge;Hs. This is because Sn segregation and precipitation could be controlled when
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GeH, was used over GezHs. This could be crucial for achieving high quality metal contacts on
the Ge1,Sny epilayer, the growth of thick Gei.,Sny epilayers for strain relaxation, and further
heteroepitaxial growth of multilayers or quantum wells. The results of this investigation show
that GeH, could be a viable Ge precursor preference for low cost epitaxial growth of Ge1.,Sny

epilayers.

In addition, the growth of Gei.,Sny at a very low temperature of 240 °C when using GeHs in
combination with SnCls, which was previously assumed to be impossible, was successfully
achieved. In chapter 6 it was shown that growth temperature is not the only factor that breaks
GeHs molecules, but also the amount of SnCls4 to GeH, should be taken into account. As
growth temperature decreases, the allowed range of the SnCls/GeH, ratio, in which growth of
Gei1ySny is possible, shrinks significantly. If the SnCl./GeH, ratio is too large, growth is
stopped due to segregation due to the high amount of Sn atoms. On the other hand, if the
SnCls/GeHjy ratio is too low, growth is also stopped because there is not enough SnCl, to break
an effective number of GeH, molecules to keep up the essential growth rate. Considering
these, it is necessary to have the right SnCls/GeH, ratio as well as a high amount of GeHa.
While sacrificing growth rate at this temperature, it is easier to suppress precipitation and
segregation in Ge1.ySny epilayers. The lowest possible growth temperature at which epitaxial
growth of Gey,Sny is allowed was estimated at ~231 °C, which is very close to the melting
point of Sn. However, additional experiments are needed to experimentally determine such a
minimum growth temperature. In addition, further studies are needed to investigate the growth
of Ge1,Sny at SnCls/GeH, ratio below 0.002, especially at growth temperatures of 270 °C and
280 °C. It should also be noted that more investigations should be done collect more

experimental data to find the permitted SnCl./GeH, ratio regions more precisely.

In chapter 7, the effect of strain relaxation in compressive strained Gei,Sny on growth rate
and Sn concentration of Gei.ySny epilayers, which were grown at 260 °C and 500 Torr with
SnCl./GeH, ratio of 3.3x107, was investigated. It is important to note that strain relaxation
could be different in Ge1ySny epilayers with the same Sn concentration but grown under
different CVD growth conditions. Further research should therefore be carried out to
investigate strain relaxation for GeiySny epilayers grown under different CVD growth
conditions. Moreover, since the strain relaxation in Gei.ySny epilayers affects the electrical,

for example indirect-to-direct bandgap transition, and the physical properties of epilayers, it
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is therefore essential to consider further investigations in order to fully understand the

mechanism of strain relaxation of Gei.,Sny epilayers.

Additionally, the grading technique, in which SnCls-H; (or SnCl4/GeHj ratio) is tuned during
the growth of Ges.,Sny, was performed at pressure of 500 Torr and two different temperatures
of 280 °C and 260 °C. The effect of the grading technique on the quality of the graded Gei-,Sny
was investigated in chapter 8. It was shown how the grading technique enabled the growth of
thick Ge1,Sny by suppressing Sn segregation at a lower growth temperature of 260 °C. It
should also be noted that the thickness of Gei.ySny was lower when using the grading technique
than when fixed SnCl,-H; was used. This is because not all values for the SnCls/GeHjy ratio
are allowed at a given growth temperature. This also means that during the growth of Gei.ySny
using the grading technique, no growth was achieved, and all precursors were wasted when
the SnCls/GeH, ratio was at unacceptable value during the growth. The effect of the graded
Ge1-ySny (as an intermediate layer) on the quality and growth of the following GeiySny grown
above it was also examined. Higher quality Gei,Sny with a smoother surface (low surface
roughness) was achieved with the grading technique than with fixed SnCls-H,. Furthermore,
the grading technique was not found useful to improve the quality of the interface between
Ge-VS and GeuySny. Further study is required to investigate the mechanism of grading
technique when growing Gei.,Sny epilayers in more detail. For example, how it supports
suppressing segregation during the growth of Gei.,Sny, the effect of the technique at other
growth temperatures and pressures, how its growth rate behaves and changes during the

growth of Ge1ySny, and how it influences the hc in which strain relaxation begins.

Doping Ge1ySny binary alloys were studied and presented in chapter 9. Two precursors were
used: BzHs was used to achieve B doped GeiySny, and PH3z was used to achieve P doped
Ge1.ySny binary alloys. The incorporation of B and P into Ge1.,Sny epilayers did not affect the
quality of epilayers. However, they slightly influenced the Sn concentration and growth rate
of the epilayers. Since doped GeiySny epilayers could offer more flexibility to control
physical, electrical, and optical properties over ordinary GeiySny binary alloys, it is crucial to
understand mechanisms that can control the incorporation of dopant into Ge1.,Sny epilayers.
Further research is proposed to understand the effects of B and P incorporation into GeiySny
epilayers, including Sn concentration, growth rate of epilayers. Finally, explanations of
chemical reactions in the CVD chamber could open up a new path to the development of high

quality doped Gei,Sny epilayers. The incorporation of Si into Gei,Sny (as known as
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Ge1xySixSny) was also investigated. The incorporation of Si up to ~3 at.% into Gei.xSixSny
with a Sn concentration of 9.5 at.% was successfully achieved. The effects of growth
temperature on epitaxial growth of Ge1.x.,SixSny epilayers were studied. Since the presence of
Si precursors and the incorporation of Si into Gei.x.,SixSny influence the incorporation of Sn,
it can be difficult to reconcile both the incorporation of Si and Sn simultaneously. Further

research is needed to understand the mechanism of epitaxial growth of Gei.xySixSny epilayers.

Growth of Ge-cap\Gei.,Sny\\Ge-VS, Gei,Sn)\Ge multilayers, and Gei.,Sn\Ge1.Sn; (y # z)
were also investigated in chapter 10. Ge growth at low temperatures (< 300 °C) is not possible,
because Ge atoms cannot be produced without the presence of SnCls when GeH. precursor is
used at low growth temperatures. Similarly, since the Sn concentration in Ge1.,Sny closely
depends on the growth temperature, it is not possible to grow Gei.,Sny with very different Sn
concentrations at the same growth temperature. Nevertheless, such Sn concentration variations
are limited and may not be an appropriate technique. Therefore, changing growth temperature
during CVD growth seems necessary to optimise the characteristics of each epilayer.
Successful growth of the corresponding heterostructures, the investigation of the growth
mechanism, and the impact of growth conditions on the quality of epilayers have been
extensively carried out. Further studies are necessary to develop and study the techniques
mentioned in this chapter. Depending on the application, it is possible to epitaxially grow and

engineer epilayers in a required manner.
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