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Abstract

ABSTRACT

Heteroepitaxy of lattice-mismatched materials are important for both
optoelectronic and microelectronic applications. Within the community of research in
heteroepitaxy, the long-standing goal is to obtain strain relaxation while minimizing the
generation of defects which often leads to device degradation.

The focus of this study is SiGe/Si heteroepitaxy, designed to meet the device
requirements of strained-Si based transistors. The most widely adopted approach for
reducing threading dislocation density (TDD) in this materials system is the insertion of
a buffer layer between the relaxed SiGe and Si substrate. Due to the growing importance
of advanced materials, understanding methods of lattice relaxation is generally important
for advancing new methods of lattice-engineering and engineered-substrate creation.
This thesis describes the discovery and development of two novel buffer systems: a) the
reverse-graded (RG) buffer system and b) the SiGe/SiGeC superlattice buffer system.
Both systems have succeeded in reducing TDD in SiGe/Si. Their development and
characterization, and the strain relaxation mechanisms will be fully described.

A comprehensive study of strain relaxation requires a simple and accurate strain
quantification method. Raman spectroscopy is one of the most convenient techniques,
yet strain-shift coefficients for accurate strain quantification of strained Si and strained
SiGe have not been agreed upon unanimously. The first direct measurement of strain-
shift coefficient for strained Si is presented and yields a measured value of -784 + 4 cm.
The strain shift coefficient of SiGe is found to be a strong function of Ge concentration
(x), and follows the empirical relation: b=-773.8 - 897.7x for x<0.35.

The first buffer system described in this thesis, the reverse-graded (RG) buffer

layer, has a lattice mismatch which starts at the highest value at the RG/Si interface and

Xii
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Abstract

decreases to a final mismatch at the RG/SiGe interface. Relaxed Si;xGey (x = 0.14-0.35)
layers with TDD of 10°/cm® were successfully grown on a 90 nm RG layer. Using
Transmission Electron Microscope (TEM) and Reciprocal Space Mapping (RSM), we
were able to trace the origin of low TDD to the localized accumulation of misfit
dislocations at the RG/Si interface and the large residual strain in the RG layer.
Extension of an equilibrium strain relaxation theory allowed us to identify the
uniqueness of the RG concept to be the large initial misfit at the interface, which helps to
quickly supersaturate strain for dislocation nucleation rather than the conventional
reliance on buffer thickness to induce relaxation. Used judiciously, we postulate that this
technique could benefit heteroepitaxial growth on any substrates simply by using another
material with similar crystal structure and a larger lattice constant as a buffer layer.

The second novel buffer layer concept, the SiGe/SiGeC superlattice, has also
been demonstrated. In this heterostructure, TDD decreases with relaxation, in stark
contrast to the commonly observed opposite tendency. TEM results revealed the
presence of Sij.x.,Ge,Cy domains (with x < 0.23 and y < 0.01) after annealing at 1000 °C.
It is inferred that these domains assist the low TDD relaxation by releasing the epitaxial
misfit strain as localized discrete strain and by facilitating the formation of pure edge
dislocations from 60° misfit dislocations leading to TD annihilation.

In summary, this thesis demonstrates two different routes for the relaxation of
strained layers which minimize the traditional penalty of threading dislocations. More
importantly, this work demonstrates the effectiveness of interfacial strain relief and
localized strain relief in influencing the kinetics of relaxation. These concepts, with
further development, could hold the keys to improved strain relaxation in other important

material systems.

Xiii
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Chapter 1:
Introduction

Chapter 1:

Introduction

1.1. Background

Heteroepitaxy of lattice-mismatched materials is a central topic in the materials
science and engineering of thin films. Such materials are important for both
optoelectronic and microelectronic applications, such as II-VI and III-V semiconductor
lasers [1, 2], SiGe heterojunction bipolar transistor (HBTs) [3], and strained channel
field-effect-transistors [4, 5]. When a material is grown on another substrate of different
lattice constant, a lattice mismatch strain is generated in the epitaxial layer and is not
relaxed if its thickness does not exceed the critical thickness [6]. For thicknesses beyond
the critical thickness, strain energy is released by the formation of misfit dislocations,
which is found to be deleterious for device performance [7, 8]. It has been the long-
standing goal of the heteroepitaxy research community to induce strain relaxation with
the least amount of defect density. This thesis aims to reduce defect density of the strain-
relaxed SiGe/Si heteroepitaxy, designed to meet the device requirements of strained-Si

based transistors (Fig. 1.1).

Recent reports from the International Electron Device Meetings (IEDM) show the
emerging of strained-channel technology, the key driver to extend Moore’s law when
geometric scaling has become a complicated and problematic solution [9-11]. The

modified strained Si band structure suppresses intervalley scattering, reduces effective
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mass and hence improves carrier mobility [12, 13]. The effective mobility of electrons
and holes were reported to increase by up to 3 times in strained Si channels and 8 times in
strained Ge channels, respectively [4,14,15], resulting in up to 3 times drive current

improvement in NMOS and PMOS transistors [16].

- | SainedSilicon |
S D

Relaxed Slicon Germanium Cap (Si,Ge,)

Silicon Substrate {5i)

Figure 1.1. Schematic of strained Si/relaxed SiGe/ buffer SiGe heterostructure for

high-mobility transistor; S and D represent, respectively, source and drain regions.

The integration of strained channels into Si wafer processing is critically
dependent on the success of heteroepitaxy technology, which remains a challenging
proposition. The 4.2 % lattice constant mismatch between pure Si (a = 0.543 nm) and Ge
(a=0.569 nm) must be accommodated with minimum threading dislocation density (TDD).
If strained Si is grown on a relaxed SiGe directly grown on Si substrate, the typical TDD
is between 10°-10''/cm?® [17], orders of magnitude higher than pure Si substrate (<
10/cm?). Obviously, minimum TDD is the most important property of a relaxed SiGe
heteroepitaxy. Also, the interface surface roughness of the heterostructure must be kept as
low as possible because it may directly affect hole mobility enhancement [18]. Stability
of strain at high temperatures commonly used in device fabrication is another desirable
requirement. Lastly, the total thickness of SiGe and the buffer layer, usually inserted
between SiGe and Si substrate to minimize TDD, should be as thin as possible because

SiGe has a poorer thermal dissipation than Si [19].
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The growth of SiGe on Si mesa structures has been shown to reduce misfit and
threading dislocation density as the nucleation sources of misfit dislocations is reduced
and the existing few misfit dislocations are able to glide to the mesa edges [20]. Elastic
relaxation without defect generation is possible if the mesa aspect ratio (~ 1) is carefully
controlled [21, 22]. However, a more stringent device lay-out design must be imposed to
adopt this method for device processing. Moreover, the non-homogenous mesa thickness
may cause serious problems in subsequent processes. Chemical mechanical polishing
(CMP) of non-planar surface, for example, may lead to complications in Lithography.
Another approach is to make use of the elastic strain transfer between SiGe and a thin Si
membrane on insulator (SOI) [23, 24]. It is difficult, however, to expect uniform elastic-
strain-relaxation across a 12-inch wafer because defects, commonly found in the Si

membrane, resist the ‘sliding’ of the SiGe epilayer [25].

Buffer layers, grown between SiGe and Si substrate are often used to control TDD.
A classical approach involves the growth of a strained-layer-superlattice of SiGe/Si [26,
27]; however the lowest TDD attainable by this method is 10%cm? [28]. Low temperature
thin Si buffer layer growth (around 100-300 nm) was successfully demonstrated [29-31].
A high density of point defects was produced because surface atom migration is
significantly restricted during low-T growth [29]. The required temperature of around 400
°C is, however, too low to be implemented practically, because there is no appreciable Si
growth using normal Si hydride sources such as SiH4 and Si,Hg at that temperature range
for standard Chemical Vapor Deposition (CVD) epitaxial reactors. Another interesting
approach involves the growth of thin SiGe layers, followed by He [32] or H" [33]
implantation and then thermal annealing. Not only does the TDD remain high ( 10" em?)
using this approach, additional and expensive processes, such as implantation, have to be

used. A well-established technique makes use of compositionally graded buffers [34, 35],
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in which very thick buffers (several pm) are grown on Si substrate with Ge composition
increasing from the Si substrate to the buffer surface to a level of 100%Ge. Such thick
buffer layer growth is expensive, introduces surface roughness, and impacts device
characteristics because of the poor heat conductivity of SiGe layers compared to Si.
Earlier studies found that the self-heating effect of a device on a relaxed SiGe buffer is
proportional to the square root of the buffer thickness [36, 37]. Clearly, novel approaches
that meet all requirements above is relevant for the semiconductor industry and

understanding of such approaches would be welcomed by the research community.

1.2. Objective and scope

The objective of this thesis is to reduce dislocation density in relaxed SiGe/Si
heteroepitaxial substrates for strained Si devices. The thesis is focused on the
development of two novel buffer layer methods and the investigation of their relaxation
mechanisms. Preliminary work, including the establishment of strain measurement
techniques and investigation of strain relaxation in single heteroepitaxy layers, was

carried out prior to the development of the buffer layers.

The scope of the thesis includes the following:
1. Establishment of quantitative strain measurement by Raman spectroscopy.

A comprehensive study of strain relaxation requires a simple and accurate strain
quantification method. Raman spectroscopy is one of the most convenient techniques, yet
strain-shift coefficients for accurate strain quantification of strained Si and strained SiGe
have not been agreed upon unanimously [38-45]. Direct measurement of the strain-shift
coefficient of strained Si and strained SiGe was carried out by a combination of High-

resolution XRD (HR-XRD) and Raman spectroscopy.
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2. Investigation of strain relaxation in single heteroepitaxial layer

The purpose of this study is to understand the classical strain relaxation
mechanisms in a simple single-layer heteroepitaxial layer as a background for the
development of buffer layers. Strain relaxation was induced by annealing two
heterostructures, i.e. strained Si on relaxed SiGe and strained SiGe on Si substrate, at
extreme annealing conditions used in device manufacturing process. Strain was quantified
by Raman spectroscopy and HR-XRD and in some cases, Ge content was determined by
Auger Electron Spectroscopy (AES), Secondary Ion Mass Spectroscopy (SIMS) and
Rutherford Backscattering Spectroscopy (RBS). Chemical etching by Secco [46] or
Wright solutions [47] was performed to reveal threading dislocations and Nomarsky
microscope and Secondary Electron Microscopy (SEM) were used to observe and
quantify TDD. Finally, surface roughness and morphology was investigated by Atomic

Force Microscopy (AFM).

3. Investigations of a novel reverse-graded SiGe buffer

A novel concept of reverse-graded (RG) SiGe buffer layer, in which the Ge
composition decreases from the substrate to the growing surface, is developed and
investigated. The rationale behind this approach is derived from Tersoff’s [48]
equilibrium relaxation theory on forward graded SiGe layer. We hypothesize that in a RG
buffer, misfit dislocations are contained at the interface with the highest lattice mismatch,
i.e. the RG/Si interface. If all misfit dislocations required for strain relaxation can be
confined to nucleate and glide at the interface, nucleation and glide do not necessarily
happen in the graded layer, thus allowing a thinner buffer layer. . Furthermore, if most
misfit dislocations are located away from the SiGe surface, roughness could possibly be

reduced. It is also postulated that the residual strain in RG may assist the reduction of
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TDD by promoting glide of MD towards the wafer edge and by blocking the upwards
propagation of TDD. Therefore, a relaxed SiGe layer with low TDD and roughness might

be grown on a thin RG buffer layer.

Relaxed SiGe layers on RG buffer layer were grown on Si substrate by low-
pressure chemical vapor deposition (LP-CVD) and the epitaxial quality was characterized
by HR-XRD, AFM, and TDD etching experiments. Further investigation on the
relaxation mechanism used Reciprocal Space Map (RSM) technique to quantify the
residual strain in the RG layer and cross-sectional and plan-view Transmission Electron
Microscopy (TEM) to observe the dislocation behavior in the heterostructure. Finally, the
RG heterostructure was annealed at extreme annealing condition to examine its thermal

stability.

4. Investigations of a novel SiGeC/SiGe superlattice buffer

Strain relaxation of relaxed SiGe on a novel SiGeC/SiGe superlattice buffer layer
is demonstrated after annealing at high temperatures. The idea stems from the fact that
SiGeC decomposes into SiC precipitates when annealed at 900°C and above [49-50]. A
combination of SiC precipitates and strain field in the superlattice could provide enough
force to pin threading dislocations down. Furthermore, the different lattice constant
between SiC and SiGe matrix may create coherency strain that transforms the epitaxial
mismatch strain into localized discrete strain, resulting in a net reduction of misfit
dislocation density. The growth is performed in a LP-CVD system and similar
characterization techniques as above are used to investigate the epitaxial quality and

strain relaxation mechanisms.
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1.3. Thesis organization

This thesis is organized into 8 chapters. The background and motivation of the thesis
is explained in the first chapter. A summary of relevant literature in strain relaxation and
dislocation behavior in SiGe/Si heteroepitaxy system is presented in Chapter 2. A brief
description of the growth technique and a more detailed explanation on the
characterization techniques are given in Chapter 3. The original results of this thesis are
presented and discussed in Chapter 4 to Chapter 7. Chapter 4 describes the determination
of strain-shift coefficient for strain measurement using Raman spectroscopy. Strain
relaxation study of single heteroepitaxy layers is presented in Chapter 5. A complete
investigation of the novel reverse-graded buffer layer approach is presented in Chapter 6,
and the strain relaxation of the SiGe/SiGeC buffer layer is described in Chapter 7. Finally,

a summary of work done and recommended future work is presented in Chapter 8.

1.4. Impact

The original contributions of this thesis include the innovation of two novel buffer
layer concepts that reduce TDD in heteroepitaxy. First, in the reverse graded (RG) SiGe
buffer, the large initial mismatch at the RG/Si interface holds the key to low TDD-
relaxation, enabling the use of a graded layer 10 times smaller than the widely-known
forward graded layer. This concept implies that any materials can be grown in any
substrate by using another material with similar crystal structure and a larger lattice
constant as a buffer layer. Second, in the SiGeC/SiGe superlattice buffer, misfit strain is
released by a combination of the elastic strain between the SiGeC domains/SiGe matrix
and misfit dislocations. Full elastic relaxation without misfit dislocations could be

achieved by increasing the density of SiGeC domains.
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Literature Review

In this chapter, important concepts and recent developments in the SiGe/Si
heteroepitaxy will be reviewed. The origin of strain and strain accommodation in
heteroepitaxy is presented in section 2.1. The characteristics of dislocations in SiGe/Si
heteroepitaxy and the critical thickness concept are explained in sections 2.2 and 2.3,
respectively. In section 2.4, current understanding on the nucleation, propagation and
termination of dislocations are reviewed. A summary of important buffer layer concepts
for dislocation reduction is presented in section 2.5, and finally, a brief review of

SiGeC/SiGe heteroepitaxy is discussed in section 2.6.

2.1. The origin and accommodation of strain in heteroepitaxy

The origin of strain in heteroepitaxy is due to the difference in lattice parameters
between the two materials and the difference in thermal expansion coefficients [51]. The
latter effect is usually much smaller than the lattice parameter effect, and is thus
negligible. If a thin epitaxial layer with free lattice parameter g, is deposited on a
substrate with lattice parameter g, and the lattice parameter difference is accommodated

elastically (Fig. 2.1(a)), the elastic mismatch straing, is given by:

(ae _'a:) (21)
as

&y =
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The lattice constants of Si and Ge at room temperature are 0.5431 nm and 0.5658 nm,
respectively, thus corresponds to a total mismatch strain of 4.2%.
The lattice constant of Sij«Gex can be determined by Vegard’s law:

a(x) = as + x(ag. — as) » however, Dismukes et al. [52] have found a deviation to
Vegard’s law and their parabolic fitting yields:
a(x)=5.431+0.01992x + 0.0028x’ (2.2)

The large mismatch strain between SiGe and Si can be accommodated by a series of
mechanisms, namely: surface roughening, Ge interdiffusion across the SiGe/Si interface

and the formation of dislocations.

a b c

Figure 2.1. Illustrations of (a) fully strained SiGe, (b) relaxation by surface roughening
and (c) relaxation by misfit dislocations (after Hull et.al. [53])

Surface roughening in a compressively-strained SiGe on Si produces regions of
expansion at the waveform peaks and compression at the waveform troughs (Fig. 2.1(b)).
The resultant laterally varying surface strain/stress field may then induce compositional
segregation, where Ge atoms are preferentially incorporated at the waveform peaks and
Si at the troughs. The development of such surface morphology and compositional
segregation requires sufficient adatom mobility of the deposited species on the growth

surface. Thus the tendency of such roughening increases with increasing growth
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temperature and decreasing growth rate, as well as with increasing strain [17, 54]. For
sufficiently high surface mobility, the film may grow as a series of discrete
islands/clusters. The morphological evolution of these clusters with increasing amount of
deposited Ge has been shown to first correspond to pseudomorphic ‘hut clusters’ with
{510} faces, then to the formation of higher aspect ratio pseudomorphic ‘domes’ with
predominant {310} facets and then to dislocated domes [55-58]. Since the roughness of
these huts is between 50-70 nm, strain relaxation via surface roughening is not desirable

for device applications.

Interdiffusion across the Si;.xGe,/Si interface increases the thickness of the SiGe
epilayer and reduces of average Ge concentration in the resultant Si;,Ge, (y < x). The
mismatch strain between Si;yGey and Si is smaller than the original strain between Si;.
«Gex and Si. An extensive study by Van de Walle et al. [59] showed the measured
diffusion constant appears to be relatively independent of Ge fraction in the range of
x=0.07-0.33. The measured diffusion constants suggest that strain relaxation is not
expected to be significant during growth of low Ge fraction and thick SiGe layer on Si at
growth temperatures < 800 °C. However, for thin layers, such as SiGe/Si superlattice,
this relaxation mode could be more dominant because the activation energy for misfit
dislocation formation is much higher [60]. Limited Ge interdiffusion into Si during post-

annealing at temperatures > 800 °C might also induce partial strain relaxation [61].

The most widely-studied mode of relaxation is the formation of a misfit
dislocations; i.e., missing atomic planes in the film as is shown schematically in Fig.
2.1(c). It is experimentally observed and theoretically predicted that the misfit

dislocation array forms only in epitaxial layer thicker than a minimum thickness, known

10
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as the critical thickness. Further details on the critical thickness and strain relaxation via

misfit dislocations will be presented in the subsequent sections.

2.2. Characteristics of dislocations in SiGe/Si heteroepitaxy

Strain in SiGe/Si heteroepitaxy is relieved by interfacial misfit dislocations (MD),
which propagate by the gliding of threading dislocation (TD) segments (Fig. 2.2 (a)). In
a macroscopically dislocation-free Si substrate, MD nucleation can initiate at local stress
concentrations, such as surface steps, facets or local Ge-rich region, all of which are
consequences of within-wafer T variations during growth. [58]. Dislocations in FCC
crystals glide in {111} planes and in the case of (001) Si wafer, they glide in one of the

four possible {111} planes (Fig. 2.2 (b)).

- 5o (111

* Reor MD
b-—[ll(]]

MD  60° /qu

/ e
[ii0]

[110

™

(b)

Figure 2.2. Schematic illustration of (a) the geometry of 60° and pure edge dislocations,
as well as (b) the four possible glide planes in SiGe layer

There are two common types of MDs in (001) SiGe/Si heteroepitaxy. The first
type is known as the 60° dislocation, as the Burgers vector, of the type (a/2) <011>, lies
at 60° to the <110> line direction («) and is out of the growth plane. The second type is
the pure edge (a/2) <110> dislocation, with Burgers vector lying in the interface at 90° to

the line direction. The effective strain relieving component of the MD is given by:

11
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bey = b cos O (2.3)
where 0 is the angle between b and u. From equation (2.3), b,z of a 60° MD is only 50%
of the total b (= 3.9A). However, because of their ability to propagate rapidly by glide,
these are the general total dislocations associated with strain relief in SiGe/Si
heterostructures. The pure edge dislocations, on the other hand, are 100% effective at
removing lattice mismatch. Since the Burgers vectors do not lie within any glide plane,

these defects must move by far slower climb processes.

The formation of pure edge dislocations by reaction of 60° dislocations moving
from the same [62-64] and/or opposite [65] directions have been reported to occur by the
following reactions or the equivalent reactions with matching Burgers vectors:

Thoils Yroinzt (2.4)
2[101]+2[011]_2[110]

The cross-section and plan-view schematics of the reaction are shown in Fig. 2.3. Since
the reactions involve a significant climb, they may be facilitated, but not always

necessarily, by Ge/Si interdiffusion [64].

b=-1110)
- 60° Parallel line
’ direction
b= o11] b =--{10T] :—
? 2 [001) ——
interface b/ o \Y 1 60°
[T A\ i ite li
] ' opposite line
N ¥ itk 60° L direction
(a) Cross-section (b) Plan-view

Figure 2.3. Schematics of the formation of pure edge dislocations by reactions of two
60° MDs in (a) cross-section and (b) plan-view.

Total dislocations may be dissociated into partial dislocations, which are

dislocations whose Burgers vector is not a lattice vector. The glide of partial dislocations

12
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leave a ribbon of stacking faults, usually in the cubic ABC stacking sequence of atoms
along <111> direction. The partial dislocations bounding these stacking faults have
Burgers vectors of a/6 <112>, or the Shockley partial. Total dislocations can dissociate if
they can lower their energy according to the requirement that 5 is lower after the
dissociation than before. For example, the following dissociation reaction is energetically
favorable:

1 _1 Lo (25)
S[110]=[121]+ [211]

For dissociation from the 60° total dislocation, the two partials have 8 =30° and 6=90°,
respectively. Since the misfit-releasing burgers vector components of these partials are
lower than that of the total dislocations, they are not very effective in releasing mismatch

strain.

2.3. Critical thickness and strain relaxation

The critical thickness theories establish a relationship between the strain energy
and the dislocation energy. The most intuitive and general critical thickness framework
was developed by Matthews and Blakeslee (MB) [6]. Relaxation takes place when the
lattice mismatch stress g, exerts force on the threading dislocation arms, move the
threading dislocation and increase the length of interfacial misfit (Fig. 2.4). The self-
energy of misfit dislocation (MD), o7, produces a restoring stress/line tension, which
acts to inhibit the growth of the MD. In addition, for partial misfit dislocations, there is a
restoring force due to the energy of the stacking fault (SF) created by passage of the

defects, o gr. The net stress is thus given by:

O =0, — 01 —OsF

13
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2(?S£(l+v) [Gbcos¢(l VCOoS 9)] ( ) il (2.6)
(1-v) 47h(l1-v) b

where G is the epilayer shear modulus, S is Schmidt factor, € is the residual elastic strain,
v is the Poisson’s ratio, b is the Burger’s vector of MD, ¢ is the angle between the glide

plane and interface normal, @ is the angle between Burger’s vector and propagation

direction, A is the epilayer thickness, a is the factor to account for the dislocation core

energy, and y is the SF energy.

SiGe / S /

o / h<h, /h=h,, ( h> h,

Figure 2.4. Schematic illustrations of the dislocation interaction that forms the basis of
MB framework.

The magnitude of critical thickness is found by solving eq (2.6) for o, =0 and
h=h.. For total dislocations where y =0, this yields:

_ b(1-vcos” @) In(ah. / b) 2.7)
< 87(1+v)ecos A

At increasing & > h., increasingly larger MD density are favored, and correspondingly
smaller amounts of residual elastic strain. For 2 > h,, the equilibrium residual elastic

straing,, is found by solving equation (2.6) for o, = 0and & = &,,. The variation of A,

with Ge concentration according to equation (2.7) is plotted in Fig. 2.5.

When the thickness of the epilayer is within the stable region, defined by the MB
equation, the epilayer is strained and thermodynamically stable. Nevertheless, kinetic
factors, which are not taken into account in the original MB framework, play a major

role in defining the rate of introduction of MD. Activation barriers associated with the

14
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nucleation and propagation of MD greatly limit the rate of evolution of interfacial MD
array at lower growth rates and temperatures [66]. This means that epitaxial layers
substantially thicker than the MB thickness can be grown without generation of MD. The
variation of critical thickness with growth temperatures is illustrated in Fig. 2.5 and
defines the metastable region, where strain might be relaxed when sufficient external
thermal energy is applied. A useful measure of the degree of metastability was defined
by Dodson and Tsao [67], however, accurate prediction is difficult because the energy of
dislocation nucleation do not exist due to different nucleation mechanisms

(heterogeneous, homogenous and multiplication) [51,53].

Critical Thickness (nm)

M}lﬂ!m ;thh’r

0 20 40 80
Ge Content (%)

Figure 2.5. Plot of Ge fraction vs critical thickness, showing stable, metastable
and relaxed regions of SiGe on Si (from D. Houghton [68]).

2.4. Dislocation nucleation, multiplication and termination

Generally, dislocation behavior in a heteroepitaxy system can be classified into

nucleation, multiplication and termination. Dislocations can be nucleated from

15
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homogenous and heterogeneous sources. The lowest energy route to misfit dislocation
formation is via the glide of preexisting substrate dislocations along the strained interface
(homogenous sources) [69], and has been the principle behind the MB critical thickness.
However, the dislocation density of the substrates nowadays, which are smaller than
IOSr‘cmz, are not enough to cause relaxation. Thus, relaxation must be facilitated by the
multiplication of existing dislocations from heterogeneous sources, such as particulates
[70], impurities [71] and stacking faults [72] found on the substrate, are responsible for

dislocation nucleation.

Several models for dislocation multiplication have been proposed in the
literature, but only three will be reviewed in this chapter: Hagen and Strunk [73], Frank-

Read [74] and Modified Frank-Read [75,76] models.

a. Hagen and Strunk [73]

The interaction of two orthogonal 60° MDs (AB and CD) with identical Burgers
vectors gliding on two {111} planes can lead to the elimination of the intersection point,
resulting in two-L shaped dislocations (Fig. 2.6). One of the L shaped dislocations
(AXD) glides towards the surface due to repulsion from the other L shaped dislocations
(COB). Upon reaching the surface, AXD split into another 2 threading dislocations,

hence the term multiplication.
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Figure 2.6. Schematic of dislocation multiplication proposed by Hagen and
Strunk (after Beanland [77]).
b. Frank and Read [74]

The Frank Read mechanism is a way to generate dislocation starting with a single
dislocation pinned at two ends. Possible configurations of Frank and Read sources in thin
film are explained in Figure 2.7. First, a threading dislocation lies on its glide plane in
segment AB in the layer, pinned at both A and B (a). The misfit stress causes the glissile
segment AB to bow out (b). A segment of misfit dislocation is formed and the
dislocation loop extends above and below the pinning points (c). The loop pinches off to

form a half-loop and the original threading dislocation (d).
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Figure 2.7 Schematic of Frank-Read dislocation multiplication in epitaxial
system (after Beanland [77]).

c. Modified Frank-Read [75-76]
LeGoues et al. [75] and Lefebvre et al. [76] observed dislocation loops inside Si
substrate that resemble the Frank-Read source. The formation of this loop as proposed by

LeGoues et al. [75] is illustrated in Fig. 2.8.

& GCe B A Ge -B
e = ; xjw
_ o R ) S—
a b
DEGY _Q_Ge 2 ) _
| . S R SR |
c d

Figure 2.8 Formation of modified Frank-Read loop in SiGe/Si heterostructure (after
LeGoues et al. [75] ).
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A segment of an interfacial dislocation pinned at two nodes by intersecting dislocations
is shown in Fig 2.8(a). It will start operating as a Frank-Read source by bowing out into
the substrate (Fig 2.8 (b). It will then loop into the Ge thin film until it reaches the
surface, becoming in effect a half-loop (Fig. 2.8(c)). The two bowing dislocations
formed a closed-loop as the original A-B dislocation and two threading arms are
generated (Fig. 2.8(d)). The threading arms then move under the influence of stress and

relieve strain.

In addition to dislocation multiplication, dislocation termination is an important
phenomenon during the strain relaxation process. A mobile MD can terminate by one of
the following mechanisms: a) gliding towards the wafer edge, b) blocking by another
MD with similar Burgers vector, and c¢) annihilation with another MD with opposite
Burgers vector. The first mechanism is the most desirable because if all MDs terminate
at the wafer edges, in principle, the threading dislocation density will be zero.
Nevertheless, it is very difficult, if not impossible, to provide sufficient energy for a

dislocation to glide over an 8-inch wafer and assume no blocking by other dislocations.

Interaction with the stress fields of perpendicular misfit dislocations will lead to
‘blocking’ of the threading segment if the layer is thin. Fig.2.9(a) shows the blocking of
glissile threading dislocations by MD lying at the interface, and Fig 2.9(b) shows the
blocking by MDs lying out of the interface. Since MD propagation is blocked, it is clear
that these interactions tend to prevent and even stop strain relief as the MD array
increases and the residual strain decreases. It should be noted that, even though the
residual strain may be sufficient to create new misfit dislocations, they will only form if

there are enough dislocation sources. Both the dislocation blocking and low tendency of
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new dislocation nucleation are the reasons for the saturation of relaxation in a

heteroepitaxy. This phenomenon is often referred to as work-hardening.

(
Sl -

//

() (b)

Figure 2.9 Schematic illustration of dislocation blocking by (a) interfacial MD and (b)
out of plane-MDs (after Beanland et al. [78]).

Annihilation of two MDs of opposite Burgers vectors result in a reduction of
threading dislocation density because the two TDs react to form a single TD [79-83]. The
condition for this annihilation process is that the relative motion between TDs must bring
them within a reaction distance. It was shown that possible sources of motion include
‘trajectory” motion of TDs with changing thickness [80-82], condensation of point
defects at a TD leading to climb [80], and intentional growth of a strained layer [84]. Fig.
2.10(a) shows 2 immobile TDs having opposite Burgers vector when h < h.. For h > h,,
it is energetically favorable for the TDs to increase the MD segment length and the TDs
may fall within an annihilation radius ra (Fig. 2.10(b)). The product of annihilation
reaction has no threading segments and the resulting MD may have a change in
orientation of its line but it must have a single Burgers vector, as shown in Fig. 2.10(c).
If the TD segments do not have opposite Burgers vectors, but still have an attractive
force, then the two TDs will ‘fuse’ and the resulting single TD will have a Burgers vector
that is the sum of the Burgers vectors of the reacting TDs. Even though increasing
thickness may promote TD annihilation, the final TDD is still considerably high (10°-
losfcmz) [78]. Thus, to further reduce the TDD, various buffer layer methods have been

proposed and the review is summarized in the next section.
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Figure 2.10 Schematic of motion and annihilation of TDs in heteroepitaxy (after
Romanov et al. [84]).

2.5. Buffer layer methods for defect engineering

In this section, some of the most successful buffer layer methods are reviewed.
Table 2.1 shows the comparison of the epitaxial quality of strained layer superlattice,
low-T Si buffer, H" or He" implantation and forward graded SiGe buffer layers.

Table 2.1 A summary of widely-studied buffer layer concepts.

Method Schematic TDD (cm™) | Roughness | thickness (nm)
forx=0.3 (nm) (Buffer+SiGe)
lfs,trained Layer 10° - 10° NA <1000
uperlattice [26- | E T T——

ow T-Si buffer | RelaxedsiGe ] 10° 10" 1-1.5 450-760

o3| -
or He' H' implant: <10’ NA 250

implant + (for x<0.22)

nneal[32,33]

-] [

orward Graded| — 10°- 10 10-25 > 3000

[34,35] Graded SiGe
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a. Strained Layer Superlattice (SLS)

One of the earliest methods to reduce TDD is strained-layer superlattices (SLS),
which consist of alternating layers of larger and smaller lattice constant material grown
pseudomorphically on the substrate. The strain field inside SLS causes TDs to bend and
form hair-pin dislocations which glide laterally and create dislocations at both interfaces
of that layer in the superlattice. The advantage of SLS is the thickness is less than 1 um,
however, theoretical calculations show that the SLS is not effective in reducing TDD to

lower than 10%cm? [28].

b. H' implant and post-deposition anneal

H' or He" implantation below the uniform SiGe layer, followed by annealing, and
subsequent strained Si epitaxial growth, make use of the defective region as a sink for
the misfit pileup [32-33]. The high concentration of point defects brings the TDs within
the annihilation radius, and thus increases the annihilation process. However, the high
TDD of 107/cm?, and the defective region may increase substrate leakage current and

affect the device performance.

c. Low-temperature Si buffer layer

A low-temperature Si buffer layer grown below the SiGe epilayer produces a
high density of point defects because surface atom migration is significantly restricted
during low temperature growth [29]. The method is effective in producing TDD on the
order of 10%cm’. It was proposed that more effective TDD annihilation processes is a
result of TDs being closer to each other and/or the enhancement of TD glide velocity
[25]. However, the slow growth rate renders this technique less attractive for actual

device manufacturing.
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d. Forward graded SiGe buffer layer

Fitzgerald et al. [34] pioneered the use of a compositionally graded buffer layer,
in which Ge concentration increases gradually, to grow relaxed SiGe film with a TDD of
10° /em®. The interfaces within the graded layer provide evenly-distributed MD
nucleation sites and the residual strain [48, 86] increases the MD glide and blocks the
upwards propagation of TD. LeGoues et al. [75] first discovered that MDs are multiplied
by a modified version of Frank-Read sources and the loops propagate into the Si
substrate. This multiplication mechanism greatly reduces the TDD in the SiGe layer.
Furthermore, LeGoues [87] observed the TD annihilation mechanisms due to the zigzag

network of dislocations, shown schematically in Fig. 2.11.

[nc':]

(a) (b)
Figure 2.11. Threading dislocation annihilation by zigzag motion of neighboring misfit

dislocations (after LeGoues [87])

Assuming misfit dislocations first nucleate at A and are able to travel a long distance
because there are few dislocations to pin it then no strain will be released. When source
B generates misfit dislocations, the threading arms moving along the [liO] meet a huge
obstacle at A. If both dislocations have opposite Burgers vectors, they will attract each
other. Furthermore, in order to move past A, the dislocations nucleated at B have to glide
to an area that is already relaxed. This would require a huge energy. On the other hand,
these dislocations can cross-slip toward C, since this region is not relaxed yet. Each

dislocation moving from C in the [110] direction encounters a matching thread, coming
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from B. The two threads are attractive because they have antiparallel Burgers vectors,

and as a result the threading arms cancel out.

Even though the forward graded method has been considered one of the most
successful and widely accepted, up to 5 pm-thick buffer layer is needed to grow a high
quality SiGe layer. Earlier studies have found that the self-heating effect of a device on a
relaxed SiGe buffer is proportional to the square root of the buffer thickness [36-37]. The

limitation of this method will be further explained in Chapter 6.

2.6. SiGeC/SiGe heteroepitaxy

The SiGeC ternary system was originally proposed as a method to reduce
compressive strain in SiGe/Si heteroepitaxy. Since carbon (a = 3.567 s space group: Fd-
3m) is smaller than Si and Ge, when incorporated in the substitutional sites, it reduces
the intrinsic lattice constant [88,89]. Assuming a linear dependence of the intrinsic lattice
constant g, (x, y) of Sijx.,GexCy on the composition x and y between Si, Ge and diamond,
one gets the following relationship:

ao(x, y) =asi +(age —as)x+(ac —as)y (2.8)
where a. is the lattice constant of diamond. Based on this linear interpolation it turns out

that the compressive strain of 8.2% Ge can be compensated by 1% C in a pseudomorphic

Sijx.yGexCy layer on Si substrate [88].

The annealing behavior of SiGeC layers and superlattice structures have been
investigated in the temperature range from 750 to 900 °C [90] and between 1000 and

1130 °C [50]. Plastic relaxation of SiGeC is retarded because of the dislocation pinning
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effect of C. However, C strongly increases the interdiffusion of Ge in Si [90-91]. For
annealing temperatures at above 900 °C, the substitutional C diffuses and forms B-SiC
precipitates [49-50]. Prior to the B-SiC precipitation, C diffusion via interstitials has also

been reported [92-93].

Despite having a lot in common with SiGe, there are few reports of the use of
SiGeC as buffer layers of relaxed SiGe. A relaxed SiGe with TDD below 10°/cm” was
grown on a stepwise graded buffer based on a combination of SiGe and SiGeC [94]. This
method relies on the retardation of dislocation glide in SiGeC because of the very strong
local strain fields around the individual C atoms [95]. Delhougne et al. [96] inserted a 10
nm SiGeC layer between two layers of Sig73Geg2; to provide a dislocation-nucleation
site, and 83% relaxation was achieved after annealing. TDD was estimated to be ~
10%cm? from TEM observation. B-SiC was detected by FTIR but was not associated with
the strain relaxation mechanism. Even though the precipitation of a new phase is often
associated with coherency strain [97], it has not been taken into consideration.
Furthermore, during the loss of coherency new dislocations might form [97], however,
comprehensive study on the effect of B-SiC on dislocation behavior is not available.

Obviously, the potential of SiGeC layer as a buffer layer has not been fully exploited.
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Experimental Techniques

This chapter contains a brief summary of the Low-Pressure CVD and emphasizes
on the characterization techniques used in this thesis. Characterizations of a
heteroepitaxy system include strain quantification techniques, chemical analysis
techniques, and epitaxial quality characterizations. More emphasis will be given on
High-Resolution XRD (HR-XRD), Raman spectroscopy, and Transmission Electron

Microscopy (TEM), which were used extensively in this project.

3.1. Low-Pressure Chemical Vapor Deposition (LP-CVD)

Chemical Vapor Deposition (CVD) is the process of chemically reacting a
volatile compounds to be deposited with other gases, to produce a nonvolatile solid that
deposits epitaxially on a suitably placed substrate. The basic sequential steps that occur
in every CVD process are sketched in Fig. 3.1 and include:

a. Introduction of gases from the gas inlets into the reaction zone,
b. Chemical reactions in the gas phase to produce new reactive species and by-products,
c. Transport of gas to substrate,
d. Deposition of film: - adsorption (chemical and physical) of gas on substrate
- diffusion of these species on the substrate

- heterogeneous reactions leading to film formation,
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e. Desorption of by-products, and
f. Removal of by-products
MAIN GAS FLOW REGION
@  GASPHASE REACTIONS PY
DESORPTION OF
\ 4  VOLATILE SURFACE
@ READSORFTION OF REACTION PRODUCTS
FILM PRECURSORS
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SURFACE T
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ADSORPTION OF NUCLEATION AND STEP
FILM PRECURSOR ISLAND GROWTH GROWTH
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Figure 3.1. Sequence of gas transport and reaction processes contributing to CVD film
growth (after Hitchman and Jensen [98]).

There are six main reactions that can occur during CVD deposition, depending on
the types of source, i.e., pyrolysis, reduction, oxidation, compound formation,
disproportionation, and reversible transfer. In the case of CVD for epitaxial film growth,
the relevant mechanisms are pyrolysis and reduction. Pyrolysis involves the thermal
decomposition of such gaseous species as hydrides, carbonyls, and organometallic
compounds on hot substrates. Decomposition of silane into silicon and hydrogen is one
example:

SiHs(g) = Si(s) + 2Ha(g) (650°C) (3.1
The reactions commonly employ hydrogen gas to effect the reduction of oxygen-
containing compounds. An important example is the reduction of SiCls on single crystal
Si wafers to produce epitaxial Si films according to the reaction:

SiCly(g) + 2Ha(g) = Si(s) + 4HCI(g)  (1200°C) (3.2)
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The CVD system used in this project is the Low Pressure CVD (LPCVD).
Lowering the pressure helps to increase the growth rate since pressure is inversely
proportional to the gas diffusivity, according to the classical gas theory D=T**/P. Low
gas pressures enhance the mass flux of gaseous reactants and products through the
boundary layer between the laminar gas stream and substrates. In particular, LPCVD is
beneficial for low-T growth processes where the growth rate is usually slow. To
compensate for low pressures of operation, the input reactant gas concentration must be

correspondingly enriched to maintain comparable deposition rates.

A silicon epitaxial layer is usually grown from one of three precursors: SiH,Cl,
(DCS), SiHj4 (silane) or Si;Hg (disilane). The highest quality epitaxial layer is achieved
by disilane, however, silane and DCS are more commonly used due to economical
reasons. Silane exhibits higher growth rate than DCS. The precursors of SiGe layer are

GeH, (germane) or Ge;Hg (digermane) and either silane, disilane or DCS.

The most widely adopted model for SiGe epitaxy from silane and germane
precursors is [99]:
x/1-x = m (F(GeHy)/F(SiHs)) (3.3)
When DCS is used instead of Silane, the model becomes [110]:
x*/1-x = m (F(GeHs)/F(Si;Cl,)) (3.4)
where x is the germanium fraction, m is the pressure and T dependent constant, and

F(GeH,) and F(SiHy) are the partial pressures of germane and silane respectively.
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3.2. Strain Quantification techniques

Several techniques can be used to calculate strain in a heteroepitaxy system. The
most-widely used are Raman spectroscopy, HR-Xray Diffraction (HR-XRD) and TEM
techniques, namely Convergent Beam Electron Diffraction (CBED) and HR-TEM image

processing. A comparison of these techniques is summarized in Table 3.1.

Table 3.1. Comparison of heteroepitaxy strain-measurement techniques

Parameter Micro-Raman |[HR-XRD/RSM [CBED RTEM image
rocessing
'What is Raman shift ) [HOLZ line shift  |Lattice spacing of
easured verse Fast
[m ourier Transform
Iprecision 1E-5 1E-6 1E-4 1E-4
'Depth resolution20nm — 2 pm 10 pm 200 nm < 100 nm
ateral 0.8 x 0.8 um 100nmx 50 um |10 x 10 nm 2 nm
resolution
ample none None 0.5 day 0.5 — 1 day
reparation Non destructive  [Non destructive  [Destructive destructive
easurement [30 sec/point 15 — 30 mins 0.5 day 0.5 day
ime
Data analysis [< 15 mins < 15 mins 1 day 1 day
|IGood for [Fast data Accurate Accurate Qualitative
validation/ process [measurement for [measurement of |[measurement of
monitoring new process localized strain  [localized strain
(blanket)

The most precise technique is HR-XRD, with an accuracy of 10, 4 orders
magnitude smaller than the typical strain quantity (107?). However, its poor depth
resolution makes it less suitable for strain measurement of thin heteroepitaxial layers.
Raman spectroscopy offers a good compromise between measurement precision and
depth resolution. Its lateral resolution is also sufficient for patterned structures. The TEM
methods are presently the only ones known to measure localized strain in the channel,

usually induced by a physical compression or tension from structures in close proximity,
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such as a silicon nitride etch stop layer, shallow trench isolation (STI) and SiGe
source/drain [100-102]. Unfortunately, the poor precision, tedious sample preparation
and complicated data analysis make the TEM methods less effective for regular analysis
or process monitoring. Since all of the samples in this project are blanket wafers, strain
measurements were performed by Raman and HR-XRD. The working principles and

quantification procedures are presented in the following sections.

3.2.1. Raman spectroscopy

a. General introduction on Raman spectroscopy

When a sample is irradiated by intense laser beams with frequency of v,, the
scattered light can be scattered elastically (v; = v,) and inelastically (v; = v, £ V). The
inelastic scattering process is called the Raman effect and v,, is the vibrational frequency
of a molecule that absorbs part of the incoming frequency. The v, - v, and v, + vy, lines
are called the Stokes and anti-Stokes lines, respectively [103]. Thus in Raman
spectroscopy, we measure the vibrational frequency (vn,) as a shift from the incident

beam frequency (v;).

Not all materials can scatter light inelastically, hence not all materials are Raman-
active. The Raman selection rule states that if there is a change in polarizability during
vibration, then Raman scattering takes place. Usually materials with covalent bond
and/or a center of symmetric vibrations are Raman active. The polarization selection
rules for back scattering of Si from (001) and (110) surfaces are given in Table 3.2. This
table shows that only the z-polarized phonon can be observed for back-scattering from a

(001) surface.
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Table 3.2. Polarization selection rules for back scattering from a (001) and (110) surface
(after I. De Wolf [104]).

Polarization Visible
L] €5 B; Ry Rz
Back scattering from (001)
(100) (100) —_ -
(100) (010) — =
(1-10)  (1-10) - -

(110)  (1-10)
Back scattering from (110)
(1-10) (001)
(1-10) (1-10)
(001)  (001)

| > | x>

| §2
| 1]

Fig 3.2 is the typical Raman spectrum obtained for strained Si samples grown on 1 pm

thick of Sip75Geg2s buffer layer and 2-pum thick of graded SiGe layer. The x axis is the

wave number (@) which is related to Raman frequency (v) by @ =2, where ¢ is the
c

velocity of light.
Si-Si (SiGe)
=)
<
= Si-Si (Strained Si)
e
QL
£ Si-Ge
: Ge-Ge
T L4 1 ' ]
200 400 600

Raman shift (cm-1)
Figure 3.2. Typical Raman spectra of a strained Si

The three strong first order lines in this spectrum are due to nearest neighbor Ge-Ge
(288.44 cm™), Si-Ge (406.64 cm™) and Si-Si from SiGe layer (502.02 cm™) atomic

vibrations. Another peak at 511.26 cm™ is the Si-Si vibration of the strained Si layer. The
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Si-Si vibration peak is relatively weaker than the other as the thickness of the layer is
much smaller than the extinction length of the laser wavelength in silicon. There are a
few smaller peaks between Si-Ge and Si-Si vibration peaks, which can be explained in
terms of localized Si-Si optical modes surrounded by an increasing number of Ge atoms

[111].

b. Effect of stress on Raman frequency

Mechanical strain or stress may affect the frequencies of the Raman modes and
lift their degeneracy. The wave numbers of the optical modes in the presence of strain

can be obtained by solving the following secular equation [105,106]:

pell+q(€22+e33)-A 2re |2 2rel3
2rel2 pe22+q( €33+€11)-A 2re23 =0 3.5)
2rel3 2re23 pe33+q(el1+£22)-A

where p,q and r are the phonon deformation potentials, and ¢; are the strain tensor

components. The difference between the Raman frequency of each mode in the presence

of stress, @; (j = 1,2,3) and in the absence of stress, @, , can be calculated from the
eigenvalues 4, :
x.

AW = @; - W=
e A 20j0 (3.6)

The polarization direction of each mode, in the presence of stress, is described by the
corresponding eigenvectors of the secular equation. The strain tensor components are

calculated using Hooke’s law and give ¢, = S,,0, &, =8,,0 and &,, = §,,0 , where
S, are the elastic compliance tensor elements of Si. In the case of biaxial stress in the x-

y plane, with stress components o, and o, solving equation (3.5) and (3.6) leads to:
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1
Aws = —[pSi2 + q(S11 + S12)(04y + 0yy) (3.7)
2wy =

This is the only active Raman mode for back scattering from a (001) Si surface (Table
3.2). From this equation it follows that compressive biaxial stress will result in an

increase in Raman frequency, while tensile stress will cause a decrease.

c¢. Raman spectroscopy instrumentation

The details on how Raman spectroscopy works is explained in Fig 3.3: when a
laser hits the sample, the collision generates molecular vibration and energy is emitted in
the form of light. The light coming from the inelastic scattering is transmitted through a
filter, while the light coming from the elastic scattering is eliminated. The filter
recognizes the inelastic light since its energy is much lower than the elastic one. The
spectrometer/diffraction grating disperses the light onto a detector to generate the Raman
spectrum.

Elastically Inelastically
scattere scatteﬂed light

Before After

N\ i
*_"8 /[n\ N

exciting Sample,  molecule _ |
laser molecule  \ibrates light out filter \

Spectrometer
(diffraction
grating )

detector

Figure 3.3. Schematic of the working principle of Raman spectroscopy.
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The depth resolution of a Raman spectra is determined by the penetration depth
of the laser wavelength. In general, a shorter wavelength results in a shallower
penetration depth and is desirable for strain measurement of thin heteroepitaxy. For
details of the relationship between penetration depth and laser wavelength, please refer to
Appendix A. A Jobin Yvon T64000 triple-grating micro Raman system with a 514.5 nm

line from an-argon ion laser was used in this project.

3.2.2. High Resolution X-Ray Diffraction

a. Bragg’s law

Figure 3.4 illustrates the scattering of X-rays as it strikes atoms of a crystal.

c

Diffracted
X-rays

Incident
X-rays

Figure 3.4. X-ray scattering in a crystal.

From the left rectangle, it is clear that: BC = d sin 0 . If the emerging X-rays are in phase,
the phase difference, nA = BC + CD. Since BC = CD, nA = 2BC. Substitutions lead to the
Bragg’s law:

2dwa sin@ =ni (3.8)
where dyy is the lattice spacing of plane (hkl), 6 is the angle of incidence, n is an integer
and A is the X-rays’ wavelength. The objective of an XRD experiment is to obtain dpy

and calculate the cubic lattice parameter a,b,c by the following relationship:
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b. Diffraction and reciprocal lattice

The diffraction of either photons or electrons (sometimes neutrons) is one of the
most powerful techniques for surface structure determination. Unfortunately, the
diffraction pattern is not a direct representation of the real-space arrangement of the
atoms in a solid or on a surface. The most convenient way to link the real structure of the
material to its diffraction pattern is through the reciprocal lattice. In real space, the lattice
points represent the atomic arrangement within the crystal structure. In the reciprocal

space, each point in the lattice represents a set of planes of the crystal (Fig. 3.5).

[010],y {100}

1" planes y"4b*
[ B B IR O B B O B R .

. O S (i
(A EE N N N Y x*
lll..ll...ll.l...l-'[x“OO] .01 0001._h*
[N B BN B BN BN BN BN B BN BN BN BN BN BN BN BN . . &0 b .
{010} o0 0 0 o
1l planes [001]
REAL SPACE » RECIPROCAL SPACE

Figure 3.5. A crystal lattice representation in real and reciprocal space viewed from z
axis.
In a real XRD experiment, diffraction can occur from crystal plane if the
following criteria are satisfied:
1. The wavelength of the X-Ray source must be on the order of dpy, and in this case, a
Cu source ( A=1.54 ’ ) was used.
2. The incident X-ray angle must be similar to the diffraction angle for the particular

plane, which can be determined by Bragg’s law.
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3. The structure factor of the sample determines which planes will result in constructive
interference. Both Si and SiGe have the diamond crystal structure (Fd-3m), which
consists of two interpenetrating face center cubic sub-lattices. The structure factor of

FCC is given as:
Therefore, planes that can contribute to constructive interference are those where

h,k,1 are all even or all odd. Another condition is (h=2n+1) or (h+k+l=4n), and where

n is an integer.

Based on the above criteria and taking a Si wafer with an (001) surface, the accessible
reciprocal space region in an HR-XRD experiment is shown as the white area in Fig. 3.6.
In a HR-XRD rocking curve experiment, only 1 specific plane is diffracting at any one
time, and the X-ray incident angle and the detector positions are fixed around a pre-

determined angle to satisfy Bragg’s law.

/ wwvrlength too long

<Oq 1>
. . .
B |

bt S 1

/ N\ <110>
u'rjlrnl beam below exl beam below crystal
Ilff -
crystal surface surface

Figure 3.6. Accessible region in the Reciprocal space of Si in a typical HR-XRD
experiment.

36



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 3:
Experimental Techniques

c¢. HR-XRD instrumentation
In principle, the differences between a conventional XRD and HR-XRD set-up
are the following:

1. In a powder-diffraction experiment, the incident beam and detector are rotated, while
the sample is fixed. In a HR-XRD, the incident beam is fixed at a certain angle, the
sample is ‘rocked’ around that angle, and the detector follows the rotation of the
sample.

2. HR-XRD uses a special beam conditioner that produces highly monochromatic X-ray
source by controlling the divergence and wavelength spread via a combination of
diffracting elements.

3. HR-XRD uses a high precision goniometer stage that allows fine rotation of 0.01°.

Figure 3.7 shows the set-up of a HR-XRD triple-axis instrument [107]. The first axis
controls the beam conditioner, the second controls the specimen, and the third controls
the analyzer. The detector measures the intensity scattered by the specimen over its
acceptance angle. The analyzer is another series of reflections by crystals which further
restrict the acceptance angle of the detector. The reduced acceptance increases the
detector’s sensitivity to the diffracting characteristics of the specimen. This enables

determination of strain and mismatch from tilt or mosaic spread.
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beam
conditioner

incident bea_an

Figure 3.7. Triple-axis HR-XRD set-up (after Bowen and Tanner [107]).

d. Strain calculation from Reciprocal Space Map (RSM)
Figure 3.8 illustrates the RSM around (004) and (224) reflections for fully
strained and fully relaxed SiGe on Si sample. The arrow in the RSM schematic shows

the movement of SiGe reflections as relaxation increases. The shaded-oval is the

reflection of a graded SiGe.
a
SiGe
0 254 A5iGe” A
relaxed 7
‘ <0013

] : Si= ag;
strained ; '
SiGe @ oy

; a‘slg.' " <110>
— TR Fully strained SiGe Fully relaxed SiGe

Figure 3.8. Illustration of (004) and (224) reflections of fully strained and fully relaxed
SiGe in RSM and real-lattice.
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Since reciprocal space is inversely-proportional to the real space, the reciprocal
lattice parameters a*g; and a*sige are the ratio of the real lattice parameters ag; and ag;ge.

The following equations give the ratio of a and ¢ parameters:

a*s 4 o = c*si .
si SiGe = si
a *sice c*sice (3.11)

asiGe =
For a partially-strained SiGe with lattice parameters ar and cr, there is an equivalent
lattice constant a; assuming the SiGe is fully relaxed:

4 - Cr[l_ 2v(cr — a;r):|

(1+v)er (3.12)
where v is the Poisson ratio of SiGe (v = 0.28). The Ge concentration, x, can be
determined by solving the quadratic equation:

a, =0.028x> +0.2x +5.431 (#13)
The amount of relaxation is defined as the ratio of the strain of the partially-strained

sample, £,,, by the total strain if the layer is fully relaxed f, The expression for

Relaxation (R) is given in the following equations:

s
m=—L—
= (3.14)
e
Ji o (3.15)
R=71 100% = 9=% 100t (3.16)
j @ —ay

e. Strain calculation by (004) and (224) rocking curves

A rocking-curve is a 1-dimensional-version of RSM, as shown in Fig. 3.9.
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Figure 3.9. (004) and (224) Rocking curves from their respective Reciprocal Space Map.

Since the (224) rocking curve only represents the lattice spacing of the (224) planes, the

(004) scan is necessary to determine ¢, - Fig. 3.10 shows the rocking curve of (004)

scan with SiGe and Si reflections. The experimental X-ray mismatch is given by [107]:
Ad  A@

808 (3.17)
de’ €Sr'Ge
csice 1S calculated by the following relationship:
csice = (14+m*)csi (3.18)

100000 - Si

A6

10000 -

:
1000 - SiGe ‘
: |

Intensity

omega/2theta (°)

Figure 3.10. (004) Rocking curve with SiGe and Si reflections.
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A similar procedure was carried out for (224) rocking curve to obtain ag.,. The Ge

content and relaxation value can then be calculated.

3.3. Chemical characterization techniques

Even though HR-XRD can determine the amount of Ge, it is often necessary to
have an independent chemical analysis, for example to determine the Ge profile in a
graded layer or Ge diffusion after thermal annealing. The chemical analysis techniques
used in this project are Rutherford Backscattering Spectroscopy (RBS), Secondary Ion
Mass Spectroscopy (SIMS) and Auger Electron Spectroscopy (AES). A comparison of
the performance of each technique is given in Table 3.3. RBS is most suitable for
determining the Ge profile in a novel graded layer due to its excellent accuracy and depth
resolution. After calibration, AES is a very convenient tool to detect Ge diffusion after
annealing, while dynamic SIMS is best used to detect low concentration elements, such

as C in SiGeC.

Table. 3.3. Comparison of chemical characterization techniques

Parameter RBS AES Dynamic SIMS
What does it Energy of Energy of Auger Secondary ions
measure backscattered He electrons
ions
Detection range 0.001-10 at% or 0.1-1at % or 0.0001-1at%
1E18 at/cc 1E19 at/cc 1E12-1E16 at/cc
Depth resolution 5-20nm 2 —20 nm 1- 20 nm
Lateral resolution | > 1 mm 0.01 =2 pm >10 um
(probe size)
Calibration NO Yes Yes
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3.4. Epitaxial quality characterizations techniques

3.4.1. Atomic Force Microscopy (AFM)

The surface morphology of the heteroepitaxy is investigated by the Atomic Force
Microscope (AFM) to identify the strain relaxation mechanism. A cross-hatch structure,
which is usually associated with strain relaxation by misfit dislocations, 3-D islanding or

pits due to Ge desorption can be observed.

3.4.2. Threading dislocation density (TDD) quantification

Etching is a powerful method in assessment of TDD because of its simplicity and
high reliability [108]. Threading dislocation appearance is enhanced because the etchant
diffuses faster into the TD ‘pits’, producing better contrast between the pit and the
surface. Wright etch and Secco etch [46,47] were used in this project. The details of the
composition and etching rate of these etchants can be found in Table 3.4. Both Wright
and Secco etchants have an increased etching rate in SiGe samples [109,110]. After the
samples were etched, TD observations and quantifications were performed with a

Nomarsky microscope or a Scanning Electron Microscope (SEM).

Table 3.4. Chemical composition and etching rate of Wright and Secco etchants.

Parameter Wright Etch Secco etch
ecipe 2HF + 2CH3;COOH + 1HNO;3; + |2 HF + 1 K;Cr,07 (0.15M) +
l};ll are part/vol) 1CrO; (4M) + 400 g/1 solution + 4.4 g/1 of solution
2Cu(NO3)2.3H,0 (0.14M) + 33¢/1 of]
solution

Etching rate in Si| 1.7 pm/ min 1.5 pm/min
[108]
Etching rate in SiGe 2.5 pm/min 3 um/min (for 0.15 <x < 0.4)

109]
Preferable planes None (all uniformly-etched) none
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3.4.3. Transmission Electron Microscopy (TEM)

a. General principle of TEM

Transmission Electron Microscopy (TEM) is a method of forming an ‘image’
from the diffraction pattern of a sample illuminated by a high-energy electron beam. The
resolution of TEM is < 2 A, thus it is currently the only method capable of atomic-scale
imaging. TEM images are formed in two stages as shown schematically in Fig. 3.11
[111]. Stage A consists of scattering of an incident electron beam by a specimen,
followed by the formation of diffraction pattern at the back-focal plane by the objective
lens. Stage B consists of the formation of the primary image by Fourier transform of the

diffraction pattern and the magnification of the primary image by a series of projection

lenses.
Electron Source
Cond lens 1
wrssensFIrSE Crossover
Condenser lens 2
H Condenser lens aperture
1)
a M‘ e Specimen
b G
_< Objective lens............
Stage A = = TBackiocal plane; >  Diffraction pattern
s objective aperure
........ Selected Area
( Diffraction lens....... aperture
""""" >  Primary image
Intermediate lens.......
Stage B <
Projector lens......

wag. plane...... g

Figure 3.11. Schematic of TEM and the two stages of image formation.
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Two types of TEM image can be formed by changing the strength of the
intermediate lens. If the intermediate lens is focused to the back focal plane, the
diffraction pattern is projected to the final image plane. If the intermediate lens is
focused to the primary image at the diffraction lens, the real image is projected as the
final image. The crystal plane can be diffracted and projected as an image if the plane is
tilted to satisfy Bragg’s law and intersects the Ewald sphere. In a diffraction experiment,
it is important to recognize the diffraction pattern of the desired plane and tilt the

specimen to this plane.

b. Crystallography of silicon

TEM investigations of SiGe/Si heteroepitaxy usually include plan-view and
cross-section images. Both Si and SiGe have diamond structure (Fig. 3.12) and belong to
space group Fd-3m. The diagrams in Fig 3.12 show the diffraction patterns of the (001)
and (110) planes of Si, which are the planes perpendicular to the electron beam in plan-

view and cross-section observations, respectively.

. * at 4‘(110)4%'+ ' ¥ & @
= e

- (110)

Figure 3.12. Crystal structure of Si unit cell and the diffraction patterns from (001) and
(110) planes.
c. Imaging mode and contrast formation

There are two types of contrast present in TEM images: amplitude contrast and

phase contrast, but one will tend to dominate.



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 3:
Experimental Techniques

1. Amplitude contrast:

- In a mass thickness contrast: areas with higher mass/thickness will scatter electrons
more strongly

- diffraction contrast: various crystal planes will diffract the electrons differently,
resulting in contrast.

2. Phase contrast: Many beams form the image due to phase changes between the
forward scattered and diffracted beams. Small changes in the thickness, orientation, or
scattering factor of the specimen, and variations in the focus or astigmatism of the

objective lens will alter the appearance of the image.

Image contrast is obtained either by selecting specific electrons or excluding
them from the imaging system. This selection is possible by inserting the objective
aperture into the back focal plane of the objective lens. The schematic in Fig. 3.13 shows
the diffraction patterns with objective aperture inserted on different diffraction spots and

the resultant imaging mode.

objective | » e e e @ e o = ° @ e @ e = @
aperture

forward sumrad_‘O\OQ . e o @ o+ ° .
(transmitted) beam @
e o o e @ e * e . - .

by ® L] L] L] L] . . e . . L] . L] L] L]

Bright-field Dark-field High resolution

Bragg scattered
(diffracted) beam

Figure 3.13. Objective aperture positions on a diffraction pattern for Bright-field, Dark-
field and High-resolution imaging modes.

A bright-field image is formed by placing the objective aperture at the
transmitted beam. The mass-thickness contrast is dominant in a bright-field image where
the regions with higher mass/thickness will appear darker. A dark-field image is formed

by placing the objective aperture on one of the diffracted beams. The diffraction contrast
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is dominant because the only plane contributing to the final image is the one selected by
the aperture. A high-resolution image is formed by placing the objective aperture around
the nearest diffracted beams to the forward beam. Since many crystal planes are included

the contrast mechanism is more complicated and phase contrast is dominant.

d. TEM instrumentation

TEM investigations in this work were performed at 200 kV on a JEOL JEM-
2100F field emission electron microscope equipped with double-tilt holder, CCD and
TV-rate camera, and LINK ISIS EDS X-ray micro-analyzer. Field-limiting apertures
used for Selected Area Electron Diffraction (SAED) were 5, 20, and 60 pm in diameter.
HRTEM images were collected using a high contrast objective aperture of 20 um in
diameter corresponding to a nominal point-to-point resolution of 1.7 A. Electron
diffraction patterns were calibrated repeatedly using external standards. Lattice
parameters were determined repeatedly to check the hysteresis of electromagnetic lenses,

obtaining values accurate to less than + 0.1 % relative.

e. Sample preparation

The cross-section TEM samples were prepared by grinding a stack of epoxy-
glued Si wafers to a thickness of + 100 pm. The thinned sample was then stuck on a Cu
grid before dimpling to a thickness of + 20 um. Afterwards, the sample was ion-milled
from both sides to electron-transparent thickness regimes (20-100 nm). The plan-view
TEM samples were prepared by cutting the Si wafer to a 3-mm discs and grinding from
the back of the wafer. Dimpling and ion milling were carried out from the substrate side

to protect the SiGe film.
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Chapter 4:
Determination of Raman strain shift coefficients of

strained Si and strained SiGe

Raman spectroscopy has been a preferred method to extract strain because of its
ability to measure small area devices [112,113] and its surface sensitivity has been widely
utilized to quantify strain in strained Si and strained SiGe on insulators [114-116]. In this
chapter, the strain-shift coefficient of strained Si and strained SiGe, needed to quantify strain,

are determined by a combination of HR-XRD and Raman spectroscopy measurements.

In a biaxial strained SiGe, strain in the growth plane (001) is given as: g5 = ag.siGe-

asi/as;. It is related to the Raman frequency shift (A 3¥¢¢) by the strain shift coefficient of Si-

Si—Si
Si vibration in strained SiGe, bJ°J, according to the following relation [38]:

bulkSi

St-SiGe __ St-SiGe — StSiGe _ StSiGe
Awa—Si - (a)S:'—.S‘." - a)OSj_S,' ) - _k'x + bSi—SJ’ 'gf.l’ (41)

where k is an empirical constant and x is the Ge content. The term k.x is used to take into

account the phonon shift due to the Ge mass effect, while the be term accounts for the

bulkSi

._g can be obtained from the Raman

frequency shift due to strain alone. Both ¢3*¢* and ¢

spectrum of a typical strained Si;.<Gex on Si (Fig. 4.1), where in this particular spectrum,

x=0.32.
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Figure 4.1. Enlarged version of Raman spectra of strained SiGe on Si substrate and the inset
showing the schematic of strained SiGe samples.

The amount of strain in strained Si (£)) is related to the Raman frequency shift

(Awg>,) by the strain shift coefficient of strained Si, b5 , according to the following

relation [117]:

SiSi StSi bulkSi SiSi StSi
AwsiZsi = Osi-si — Wogi_5; = bsiZsi €0l 4.2)

where Aw3 s is the difference between the phonon frequency of strained Si (@35 ) and bulk

bulkSi

Si (@og-s ) (Fig. 4.2.). The spectrum in Figure 4.2 belongs to a 25 nm strained Si grown on

relaxed Si,..Ge,, where x=0.25.
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Figure 4.2. Enlarged version of Raman spectra of strained Si on relaxed SiGe and the

inset showing the schematic of strained Si samples.

Even though b&" is crucial for accurate strain determination, it has not been reported
before. Values quoted in the literature are derived from theoretical calculations [39], or
estimated from p59C [38-45] , and the strain in strained-Si has been calculated based on these
values [112-113]. In this chapter, for the first time, the direct measurement of the b
coefficient of Si-Si mode in strained Si (b5 ) is presented based on the correlation of HR-

XRD and Raman spectra.

Three types of commercial wafers (inset of Fig 4.2) were used, each with 15%, 20%
and 25% of Ge in the SiGe buffer layer, which correspond to different strain level in the
strained Si. Symmetric (004) and asymmetric (115) rocking curves were obtained from a
Bede Triple Axis HR-XRD to determine the Ge concentration and the relaxation in the SiGe
layer. The Ge concentration agreed well with the Auger Electron Spectroscopy result and the

relaxation values of SiGe in all samples are between 98-100%. The Raman spectra were
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taken from a triple-grating micro Raman system in a backscattering geometry using a 514.5
nm line from an-argon ion laser. It should be noted that the biaxial strain that splits the triply
degenerate optical phonon mode at the Brillouin center is not a singlet with vibrational
eigenvectors parallel to the strain axis and a doublet with eigenvectors perpendicular to that
axis. In a backscattering geometry with [001] growth direction, only the singlet is observed,

and thus all our Raman peaks correspond to the vibration along the (001) plane.

Based on equation 4.1, b3 is the slope of a plot of Aw vs ¢, for a series of samples

with different strain conditions. Such plot is shown in Figure 4.3. Strain in Si (g)) is

determined from the distance between the diffraction peak of Si substrate and strained Si in

the HR-XRD rocking curve. Aw3’s; was obtained from the difference between w3’ and the

o . which were obtained by performing Lorentzian curve fitting of the Raman spectra.

The b3 coefficient was found to be -784 + 4 cm™. This value falls within the range of the

theoretical calculations of -723 and -832 cm-' [39,40]. We should note that theoretical

predictions are based on phonon deformation potential (p and q) obtained for uniaxial

strained Si, and do not accurately represent the biaxial strain condition of our samples. In
pSisiGe

addition, even though some of the reported by;"* are rather close to our measured value, it is

principally incorrect to use by o [38-45] to calculate strain in strained Si because by o

depends on Ge concentration, x. Thus, our measured strain shift coefficient for strained Si is a

more representative value than the theoretical predictions and the generally used b5’ .
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Figure 4.3. Delta Raman shift (between Si-Si vibration of strained Si and bulk Si) as
a function of strain obtained from XRD. b is the slope of the linear fit.

Even though many have reported the measurement of 53", there remains an

unresolved issue of whether or not 5{°C is dependent on Ge concentration. The

majority of the reported bi <‘ were obtained with the assumption that b is

independent of Ge concentration. The only comprehensive report on the b dependence

on Ge concentration is that of Lockwood and Baribeau [117].

The theoretical definition of b suggests that it should depend on Ge

concentration. For a biaxial strain, the b coefficient is given by [40]:

1 (_2Ca
20, Cu 01 (43)

where o, represents the position of Si-Si peak in a fully relaxed SiGe (o, 2%%), pand

q are phonon deformation potentials, C;; and C,; are the elastic stiffness constants of
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the epilayer. Since Cy;, Ci2 and ®, vary with Ge concentration [38,118], so should
b3S . In other words, producing a similar amount of & by 2 different methods (i.e.

adding more Ge vs moderating Si-Si stretch by thermal annealing) would result in

different 5,35 Since the earlier reports used Ge to induce strain, the concentration

and strain effects are coupled. The concentration dependence of b could thus be

masked, possibly contributing to the large scatter in by values in the literature:

from -455 to -1040 cm™ [38-45]. This work aims to verify the » dependency on Ge

concentration and to establish a relationship to quantify this dependency.

Table 4.1. Strain shift coefficient b of Si-Si vibrations from various sources.

Reference b (cm'r) Mnm) Methods

Present work -784 £ 4 514.5 Si-Si in strained Si

Anasstasakis [39] -832 1064 Theoretical calculation

Lockwood [117] -715 £ 50 458 Extrapolation

Cerdeira [40] -455

Tsang et al. [38] -815+48 Ar laser Si-Si in SiGe,
independent of Ge

Dietrich [43] -940 514.5

Lu [44]) -931 514.5

Halliwel [45] -930 + 90 457.5

Holtz [42] -1040 + 23 351

For the determination of b5°¢° , three types of strained SiGe, with different Ge

concentrations (15%,21% and 32%), were grown on Si substrates by Low Pressure
CVD at 700°C using SiH4 and GeHy as reactants. The thicknesses of all SiGe samples
were kept slightly above their critical thicknesses in order to allow strain relaxation

during thermal annealing. The structures of these samples are shown in the inset of
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Fig 4.1. The Ge concentration was determined by HR-XRD and Rutherford
Backscattering Spectrometry (RBS). All samples were annealed at temperatures
between 800 — 1000 °C for 1 minute to induce strain relaxation, thus producing
several strain values for each value of Ge concentration. Annealing was carried out in
a Rapid Thermal Processing (RTP) machine such that strain relaxation via Ge
diffusion was prevented and the Ge concentration remained constant after annealing,
as confirmed by HR-XRD. Our AFM data (not shown) also shows a crosshatch
structure, which indicates that strain relaxation is achieved by the formation of misfit
dislocations. The Raman spectrum of each sample was then measured by using the
Raman setting mentioned previously and the strain values were obtained from HR-

XRD. The plots of Aw vs € for each sample are presented in Fig. 4.4, and the slope

of each plot is the b;° of the particular Si; Ge, sample. Together with b3’ (i.e.

Si5iGe iGe :

x=0), we have clearly shown that b; 5 has a dependence on Ge, because if by " is

independent of Ge, these 4 plots will have similar slope.
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Figure 4.4. Delta Raman shift (between Si-Si vibration of strained SiGe and bulk Si)
as a function of strain obtained from XRD for Si;.xGe,, with x=0.15, 0.21, and 0.32 as
well as the plot for strained Si samples.

To further illustrate the Ge dependence, we plot our measured 53" values as

a function of Ge concentration in Figure 4.5. The best linear fit of our measured
b5 values yields the empirical relation 5=-773.8 — 897.7x, in close agreement with
the result of Lockwood and Baribeau [117]. We believe that our fit is a better
representation because we have used a wider span of data was used than Lockwood
and Baribeau [117], especially including the experimental b value of strained Si at
x=0. It is noted that the extrapolated value at x=0 is -773.8 cm™, is very close to our

measured bis of -784 cm™, thus confirming the accuracy of the empirical relation.
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Figure 4.5. An empirical relationship of b values as a function of Ge concentration.

In summary, the first direct measurement of the Raman strain shift coefficient

of Si-Si in strained Si, obtaining a measured value of -784 + 4 cm’!, has been
presented. It has also been verified experimentally that b5 c° is a function of Ge

concentration (x), consistent with its theoretical definition, and follows the empirical

relation b=-773.8 — 897.7x for x<0.35.
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Chapter 5:

Strain relaxation in a single epitaxial layer

Strain relaxation in heteroepitaxy begins when the thickness of the epilayer exceeds the
equilibrium critical thickness [6]. The concept of critical thickness in a strained Si/relaxed
SiGe/Si heterostructure is used in two different layers. The thickness of strained Si must be
below the critical thickness to avoid strain relaxation. On the other hand, the thickness of
relaxed SiGe must be beyond the critical thickness to promote strain relaxation, ideally
maintaining a smooth surface and a defect-free interior. Stability beyond the critical thickness
has been reported, usually by varying the epilayer thickness, because of the kinetic barrier to
dislocation nucleation [17,25,51,53,78]. In this chapter, the stability of strained epilayers at
thicknesses near the critical thickness is investigated during high temperature anneals, usually
employed in the microelectronic manufacturing environment, to explore the limit of the strain
relaxation. Two kinds of sample structures, i.e. strained Si on relaxed SiGe and metastable
SiGe on Si substrate, were used and the strain relaxation mechanism was identified by
different characterization methods. Discussions on each structure are presented in sections 5.1

and 5.2.
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5.1. Thermal stability of strained Si on relaxed SiGe

One concern with strained Si is its thermal stability at high temperatures, where strain
relaxation and Ge diffusion into the strained Si layer may become possible. If the strained Si
relaxes, carrier mobility enhancement will not be obtained. Moreover, the presence of Ge in
the channel region might create scattering centers that could degrade the carrier transport.
Another consequence of Ge diffusion is the reduction of strained Si thickness.. A few studies
on the thermal stability of strained Si have been reported [61,119,120]. Samavedam et al.
[119] reported the elastic strain relaxation of strained Si; however the SiGe layer of their
samples were not fully relaxed. The defects generated during the relaxation of these layers had
a significant impact on the relaxation behavior of the strained Si layer. Sugii [61] focused on
the Ge diffusion in strained Si, but did not discuss strain relaxation in details. Koester et al.
[120] reported a comprehensive Raman study of both strain relaxation and Ge diffusion at high

temperature, but did not show conclusive evidence of the Ge diffusion.

In this sub-chapter, High Resolution X-Ray Diffraction (HR-XRD), Raman
spectroscopy and Secondary Ion Mass Spectroscopy (SIMS) are used to study the effect of
thermal annealing on the strain relaxation and Ge diffusion of strained Si/Si;..Ge, (x = 0.15 to
0.25) substrates. The wafers used in this work were obtained from commercial sources and the
basic layer structure is shown in Fig. 5.1. A 2 pm-thick, linearly graded SiGe layer was grown
on p-type Si wafers. On top of the graded SiGe, 1 pm layer of uniform SiGe and 200A of
strained Si layer were grown. The Ge concentrations in the uniform SiGe layer of our samples
are 15%, 20% and 25%. The samples were annealed in both furnace and RTA to study the

effect of ramp up time on the strain relaxation and Ge diffusion. Furnace annealing was
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conducted at 800°C for up to 5 hours, and RTA annealing was conducted at 1000°C for up to 5

minutes.

Si substrate

Figure 5.1. Schematic of the strained Si sample used in this experiment

The Ge content was also determined independently by Auger Electron Spectroscopy
(AES). High Resolution XRD rocking curves were used to obtain the relaxation condition of
the SiGe layer and the amount of Ge. The results are summarized in Table 5.1. The data
indicate that the bulk SiGe layer underneath strained Si is fully relaxed, and the Ge

concentration agrees well with the vendors’ specifications.

Table 5.1. Specifications of the samples used in this experiment.

Sample Ge content Relaxation (%)
AES | HR-XRD HR-XRD
AlS 15% | 0.14-0.15 99-100
A20 20% [ 0.19-0.2 99.5-100
A25 25% | 0.24-0.25 98-100

Figures 5.2. (a), (b), and (c), show the Raman spectra of furnace-annealed samples with

25%, 20% and 15% Ge in SiGe, respectively. No significant shift can be observed from the Si-
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Si peaks in all spectra, indicating that the strain in the strained Si layer is stable throughout the

annealing cycle.
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Figure 5.2. Raman spectra of sample (a) A15, (b) A20 and (c) S25 annealed at 800°C for
various time.

Figures 5.3. (a), (b), and (c) show the Raman spectra of samples A15, A20 and S25
annealed at 1000°C at different times. Annealing up to 1 minute at 1000°C does not result in

any significant shift of the Si-Si peak in strained Si, and hence implies no strain relaxation.
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Figure 5.3. Raman spectra of sample a. A15, b. A20 and c. S25 annealed at 1000°C for

various time.
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Strains in the strained Si layer after various annealing conditions were quantified
according to the strain shift coefficient determined earlier in Chapter 4, and the result is
presented in Figure 5.4. The closed symbols correspond to samples annealed at 1000°C,
while the open symbols correspond to samples annealed at 800°C. The relatively-
constant strain trends confirm that after annealing, strain relaxation does not take place

within the sensitivity of the characterization technique.
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Figure 5.4. Strain in strained Si after annealing at various conditions.

According to the critical thickness defined by Matthews and Blakeslee [6], only
A15 has a strained Si thickness lower or equal to the critical thickness, and thus this
strained Si sample layer is thermodynamically stable. On the other hand, the thickness of
strained Si layer in both A20 and A25 are higher than their respective critical thicknesses
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At the same time, dislocation decoration observations revealed no significant increase in
dislocation density in these films. Together, these results indicate that strained silicon
layers can retain misfit strain without generating misfit dislocations at thicknesses beyond
that prescribed by the equilibrium theory of heteroepitaxial growth. Thermodynamically,
these strained Si layers should be considered metastable. The absence of strain relaxation
accompanied by misfit dislocation generation suggests that substantial kinetic barriers

exist for dislocation nucleation in these films.

Even though there is no shift in the Si-Si vibration, samples annealed at 1 and 5
minutes show a significant intensity reduction (Figures 5.3. a,b,c). Since the relative
intensities are roughly proportional to the relative numbers of corresponding bond types,
the intensity reduction can be explained as the thinning of the strained Si layer. To prove
that Raman intensity reduction is indeed due to Ge diffusion, we performed SIMS on all
samples annealed at 1000°C (not shown). Figure 5.5. shows the SIMS spectrum of
sample A25 before and after annealing at 1000°C for 5 mins. It is shown from SIMS that
Ge diffuses up to 4-5 nm into the strained Si layer after annealing of 1000°C for 5
minutes. At this diffusion depth, Ge will not change the properties of gate oxide grown
on strained Si. However, in real device fabrication, where multiple high temperature
anneals may be performed, more Ge might diffuse into the strained Si region. This
problem can be avoided by minimizing the high temperature anneal during fabrication.
Nevertheless, in another strained Si based structure, such as strained Si on strained Ge for
a dual-channel device [14,15], the strained Si thickness is on the order of 5 nm. If Ge
diffusion cannot be avoided, Ge will not only degrade the gate oxide quality, it will also

reduce the electron mobility enhancement in strained Si.
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Figure 5.5. SIMS spectra of sample S25 before and after annealing at 1000°C
for 5 mins.

To conclude, the thermal stability of strained Si/SiGe heterostructures has been
studied under different annealing conditions. It is found that strain in strained Si is intact
for annealing up to 1000 °C for 5 minutes, even though slight diffusion of Ge into
strained Si is detected. Hence, the use of strained Si substrates at higher temperatures is

likely to be limited by Ge diffusion rather than strain relaxation.
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5.2. Strain relaxation of metastable SiGe on Si

In SiGe epitaxial heterostructures, there are a range of ‘metastable’ thicknesses in
which the SiGe layer is strained as grown, but when sufficient thermal energy is applied,
relaxation will take place by the formation of dislocations. Previous studies have focused
on the onset of strain relaxation, that is, the nucleation of new misfit dislocations [121],
but few focused on the relaxation of the metastable film after thermal processing.
Matthews and Blakeslee [6] have predicted the onset of strain relaxation by the formation
of misfit dislocations under equilibrium conditions. Even though their approach has been
regarded as one of the finest, their critical thickness values are lower than most of the
reported experimental values [17,25,51,53,78]. Fischer et al. [122] calculated the
incomplete strain relief at the end of thermal relaxation process of a metastable SiGe/Si
heterostructure by taking into account the surface relaxation effects and elastic
interactions between straight misfit dislocations. Even though Fischer’s theory has
invited some criticism [123,124], many experimental critical thicknesses [125-127] agree
well with his prediction. In this sub-chapter, SiGe epilayers with different Ge
concentrations and thicknesses are used to study the onset and extent of relaxation as well
as the corresponding relaxation mechanisms. Experimental results suggest that surface
relaxation may be dominant during the initial relaxation of a metastable film for
thicknesses larger than the equilibrium critical thickness. After annealing, the strain
relaxation of the metastable SiGe samples was quantified and the dominant relaxation
mechanisms were identified by different characterization techniques. Evidence of the
saturation of relaxation via misfit dislocation generation was discovered, suggesting a

work-hardening phenomenon.
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A series of strained Si;,Ge, on Si samples, with x = 0.04 — 0.21, were grown by
LP-CVD at 700°C, with SiHs and GeH; as precursors. The Ge concentration was
determined by Rutherford Backscattering Spectrometry (RBS). The thickness (/) range is
between 900-1300 as determined by High Resolution XRD (HR-XRD) and RBS.
Except for SiGe4, the thickness of the other samples is slightly higher than the
equilibrium critical thickness [6], and thus is classified as metastable strained SiGe. Some
of the samples were rapid-thermal-annealed at 900°C and 1000°C, which is the higher
end of the thermal budget of a typical IC manufacturing process, at various durations.
The strain conditions before and after annealing were quantified by HR-XRD. The
surface morphology and roughness were observed by Atomic Force Microscopy (AFM),
while the threading dislocation density (TDD) was determined by chemically etching the
surface, and observation by Nomarsky optical microscopy and SEM. Auger Electron

Spectroscopy (AES) was used to investigate the Ge profile before and after annealing.

The symmetric [004] rocking curves of the as-grown samples, with x =0.11, 0.14
and 0.21, are shown in Figure 5.6. The lattice fringes of the SiGe peak indicate the high
epitaxial quality of the SiGe layers. The in-plane lattice constant of the SiGe layer can be
determined from the separation between the Si and the SiGe peaks. As the Ge content has
been determined independently by RBS, the strain relaxation can be quantified. The

strain relaxation degree is defined as,

R A siGe — As; , (5.1)

Agige — g

[l

where a, ;. is the in-plane lattice constant of SiGe layer, and ag,;, and ag are the

bulk lattice constant of SiGe and Si, respectively.
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Figure 5.6. (004) rocking curves of SiGel1,SiGel4 and SiGe21.

The degree of strain relaxation of all as grown samples was quantified from their

rocking curves and the results are summarized in Table 5.2 and plotted against x.k, which

is equivalent to inherent misfit strain, in Fig. 5.7.

Table 5.2. Epitaxial quality of as-grown samples.

Relaxation

Sample x h(A) (XRD)

SiGe4 0.038 924 0.12
SiGe6.5 0.065 937 0.29
SiGel0 0.1 1243 0.17
SiGell 0.111 950 0.23
SiGel2 0.118 1177 0.22
SiGel3 0.134 1069 0.18
SiGel4 0.142 1338 0.15
SiGel6 0.161 986 0.24
SiGe21 0.211 1200 0.16
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Figure 5.7. Comparison of the relaxation between experimental and theoretical

predictions [6,122] plotted as a function of inherent strain (x.A).

The experimental data in Fig. 5.7 shows that as x.A increases, the relaxation degree
increases to a maximum before decreasing and saturating. The trend can be explained by
taking into account the relaxation due to misfit dislocations and elastic surface relaxation.
The degree of relaxation due to misfit dislocations was calculated based on the excess
stress expression adopted from the original MB framework [6]. The relaxation degree due
to surface relaxation (ye;) as proposed by Fischer et al. [122] is given by:

_ bcosA
T = 0.0836xh

(5.2)

where b is the magnitude of the Burger’s vector, 4 is the angle between the Burger’s
vector and the propagation direction of the misfit dislocation, x is Ge concentration, and 4
is epilayer thickness. Figure 5.7 shows that when x.4 satisfies the metastability criteria (in

this case, x.h > 50), the degree of relaxation is closer to Fischer’s prediction. However,
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Fischer’s theory does not accurately predict the relaxation degree of the sample with x.A
< 50, whose thickness is slightly smaller than the equilibrium critical thickness [6]. This
observation implies that surface relaxation, if any, does not rise to infinity when 4 < hc
because SiGe is thermodynamically stable in its strained condition. The absence of /¢ in
Fischer’s surface relaxation formulation suggests the model is flawed and needs to be
revised. For SiGe with x.2 > 150, the measured relaxation values are higher than the
elastic relaxation values, suggesting that the contribution of misfit dislocation formation

to the entire relaxation is more significant at high misfit strain.

The strain conditions of selected samples, i.e. those with x=0.11, 0.14 and 0.21, after

annealing at 900 and 1000°C were determined by HR-XRD and the results summarized

in Fig 5.8.
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Figure 5.8. The relaxation of SiGe at different annealing temperatures.
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After annealing, more relaxation is observed for samples with greater Ge contents
because as the Ge content (and thus strain energy) increases, dislocation nucleation is
more favored to reduce the overall energy in the heterostructure. Thus for the same
amount of applied thermal energy, the extent of relaxation is different. To identify the
different relaxation mechanisms, both threading dislocation density (TDD) and surface
roughness of the annealed samples were determined and the results are summarized in
Table 5.2. Figure 5.8 shows that the rate of relaxation of SiGe21 is higher than the other
samples, however this relaxation is not accompanied by a significant increase in
dislocation density or surface roughness (Table 5.3). It is possible, then, that another

relaxation mechanism such as Ge interdiffusion, has taken place.

Table 5.3. Roughness and TDD of selected samples before and after annealing

Sample as grown 900°C 1000°C
SiGell 0.492 0.57 0.769
Roughness SiGel4 0.5 0.595 1.08
(A) SiGe21 1.278 1.469 1.57
SiGel1l <1.6E+04 1.12E+05 1.74E+05
TDD SiGel4 <1.6E+04 1.18E+05 2.24E+05
(/em®) SiGe21 5.00E+04 7.00E+04 4.76E+05
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Auger Electron Spectroscopy was performed on SiGe21 before and after annealing
and the result confirms the occurrence of Ge diffusion at the SiGe/Si interface (Fig. 5.9).
It is deduced that in a metastable SiGe, full relaxation cannot be achieved by misfit
dislocation only. This observation confirms an earlier prediction [122] and observations
[128], which suggested that the saturation of strain relaxation is due to the dislocation

blocking or pure elastic interaction between dislocations.

Sample S23

Atomic Concentration (%)

0 1 2 3 4 5 8 7 PRt

Sputter Time (min)

Figure 5.9. AES profile of SiGe21 before and after annealing at 1000°C for 1 minute.

In addition, it should be noted that the first Ge and Si signals of the annealed
samples are obtained at a longer sputter time and there is a slight increase of Ge
concentration at the surface (Fig. 5.9). This observation is attributed to unintentional

oxidation during annealing resulting in a SiO, layer on the surface. It has been reported

70



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 5:
Strain relaxation in a single epitaxial layer

before that the oxidation of a SiGe layer may induce Ge segregation below SiO,

[129,130].

Figure 5.10 shows the morphological change of SiGe2l before and after
annealing at different conditions. After 1000 °C anneal, the cross-hatch structure, which
can be related to misfit dislocations [131], are clearly observed. However, a higher
magnification image reveals the presence of lighter-contrast clusters (inset of Fig. 5.10

(b)), which are suspected to be the Ge rich regions formed during oxidation [132].

0 10.0 20.0 pm

Figure 5.10. AFM images of SiGe21 (a) before and (b) after anneal.

The relaxation of metastable SiGe varies as a function of the inherent in-grown misfit
strain in the system. The initial relaxation of as grown SiGe layer decreases with
increasing Ge content, while the final amount of relaxation after post-annealing increases
with Ge content. We attribute this to the role of surface relaxation, which could be

dominant for samples with low Ge concentration and thickness. Different relaxation
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mechanisms were observed at different annealing conditions. Relaxation via misfit
dislocation formation is observed at a lower annealing temperatures, and relaxation via
Ge diffusion dominates at a higher annealing temperatures. Our results show that
metastable strained SiGe cannot achieve full relaxation by the formation of misfit

dislocations alone, possibly because of a work hardening phenomenon.

5.3. Chapter Summary

Strain relaxation mechanisms of strained Si and SiGe epitaxial layer after various
annealing treatments have been investigated and the following conclusions can be drawn:
1. When the epilayer thickness is less than 2 times the MB thickness (¢ < 2 fup5),
strain is stable up to 1000 °C for 5 minutes because of the kinetic barrier of
dislocation nucleation.
2. When the epilayer thickness is larger than 10 times MB thickness (1 >10 fyp),
experimental results suggest that surface relaxation is responsible for the initial
relaxation, and after annealing at 900 °C, strain relaxation takes place by misfit

dislocation generation and followed by Ge diffusion.
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Chapter 6:
A novel concept of reverse-graded buffer layer

for relaxed SiGe heteroepitaxy

Strained-channel transistors have attracted much attention recently in the Si
industry because of strain-introduced mobility enhancement for both electrons and holes
[4,5]. A traditional way of introducing strain into Si is to epitaxially grow Si on relaxed
SiGe layers. Manufacturing such virtual substrates with good quality is however not
trivial. A significant numbers of buffer layer methods have been proposed in order to
grow relaxed SiGe with minimum threading dislocation density (TDD) and surface
roughness, yet thermally stable at high temperatures. A review of these methods, as well
as their advantages and disadvantages, has been presented in Chapter 2. So far, none of
the reported buffer layer approaches meet the stringent requirements of the SiGe substrate

for strained-channel transistors [29-35].

In this chapter, we present a novel concept of a reverse-graded SiGe buffer layer,
in which a thin epitaxial buffer layer with a reversed Ge composition gradient, i.e. the Ge
composition decreases from the substrate to the growing surface. This chapter is
organized into four sub-chapters. In sub-chapter 6.1, the rationale of this method is
explained theoretically by an equilibrium relaxation model. In sub-chapter 6.2, the growth
and characterization of a reverse-graded SiGe heterostructure is demonstrated

successfully for the first time. The strain relaxation and TDD reduction mechanisms of
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the RG heterostructure is discussed in sub-chapter 6.3, and finally, the thermal stability of

this heterostructure are established in sub-chapter 6.4.

6.1. Equilibrium distribution of dislocations and residual strain_in reverse-graded

heteroepitaxy systems

Tersoff [48] proposed a quantitative picture of the role of grading, by calculating
the equilibrium distribution of dislocations and residual strain in compositionally graded
films. His model provides a design for the growth of high-quality FG heteroepitaxy layers

and the proposed relaxation mechanism has been widely-accepted.

In a uniform composition epitaxial layer, the lattice misfit, £, between the film

and the substrate is accommodated by misfit dislocations (MD) at the film/substrate
interface. The residual in-plane strain, €, is related to A, the density of MDs per unit
length by the following relationship: € = - (£ - b, &), where b is the Burgers vector of the

strain-relieving MD. The negative sign represents compressive strain. In a forward graded

layer, the MDs are distributed along the film thickness with a MD cross-sectional density
per unit area, p(z), at a given distance ¢, from the film/substrate interface (+=0). The

residual strain is generalized in the following form:

t
£(6) = -1/ (1) - b p(r)dr] (6.1)
0

Where £(7) and £(z) are the depth profiles of the residual plane strain and the lattice misfit,
respectively. If the heterostructure is fully-strained, the dislocation-term is zero, and £(z)

=f£(1). If the heterostructure is fully-relaxed, &() = 0, and differentiation of equation 6.1

yields the MD density (MDD) profile as given by:
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1 /@
t)=—d— 6.2
uo=-d (6.2)

In a forward-graded layer, there exists a “critical thickness”, ¢,, below which &(#) = 0, and

the MDD profile is given by equation (6.2). Above #,, the residual strain is the difference
between the misfit strain and the amount of strain released up to 7, The strain profile is
given by:

er)=0 for0<t<iy,
(6.3)

et)=-[£@)-£@1,)] fort,<t<u
where ¢, is the total thickness of the FG layer. During growth, the thickness #, changes
dynamically following the generation of MD. However, in order to compute the final
surface lattice parameter, it is sufficient to calculate 7, at the end of growth as given in
equation (6.3). The residual strain increases the force on TD arms and facilitates the glide
of MDs towards the wafer edge. As strain is mainly released by glide, less dislocation
nucleation events would take place and the net TDD is reduced. Moreover, the possibility

of TD annihilation would increase with enhanced TD movements.

Based on the above theory, one can predict the misfit dislocation distribution and

residual strain for a given grading rate. The following schematics show the effect of

grading on the dislocation and residual strain distribution.
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Figure 6.1. Schematic of the effect of grading rate on the residual strain and misfit
dislocation distribution in a forward-graded buffer layer.

Figure 6.1 shows that a reduced grading rate results in a reduction of residual
strain and a decrease of MDD. The main assumption in the above theory is that the
system behaves in equilibrium condition, neglecting the kinetic barrier of dislocation
nucleation and propagation, as well as dislocation interactions under stress. All of which
has a strong dependence on growth conditions, such as wafer cleanliness, temperatures,
growth rate and film thickness. As a consequence, even though it is theoretically possible
to design a thin FG buffer by increasing grading rate (Fig. 6.1), previous experimental
work suggests that a high-quality FG buffer layer requires a minimum thickness of 1 pm
[86,133-139]. Attempts to reduce FG thickness by increasing grading rate resulted in
extremely high TDD and roughness [138,139]. A summary of the reported epilayer

quality vs grading rate is presented in Figure 6.2.
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Figure 6.2. Summary of reported TDD and roughness values (red circles) [86,133-139]
as a function of grading rate in forward graded SiGe heterostructures. The thickness of
corresponding data point is also given in another axis.

The experimental observations were consolidated by an empirical model [78,140], which
predicted the amount of residual strain at ¢ > #,. The model predicts that 90% strain
relaxation can only be achieved if the thickness of the top uniform layer is 1pm and the
minimum thickness of the FG buffer is 1 pm, giving a total minimum thickness of 2 pm.
The FG buffer below this thickness does not have enough mismatch energy to initiate the
nucleation of dislocations across the interfaces of the buffer layer. Most of the MDs will
nucleate at the Si/buffer interface and the film stack behaves more closely to the uniform
composition film. This fundamental limitation remains a challenge in the integration of

FG buffer concept into real commercial devices because of the thermal dissipation issues

discussed earlier [36-37].

In this section, Tersoff’s equilibrium model has been extended to predict the
distribution of dislocation and residual strain in a reverse-graded SiGe buffer layer. The
qualitative approach shows that the dislocations can be localized at the Si/RG interface
and a substantially-large residual strain is generated. The implication of this finding
suggests that a thin buffer layer can be exploited to grow a high-quality relaxed SiGe

layer.
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A reverse-graded buffer layer starts with the highest lattice-mismatch layer at the
Si interface and decreasing mismatch as the thickness increases. The lattice-mismatch

profile of the RG layer as a function of thickness, #, is given by:

0,

fO=f-dt (6.4)

where £, is the lattice mismatch at the RG/Si interface. The residual strain profile can be

represented by the following three cases:

Case 1: et)=f(@) for 0 < tre < tus
t

Case 2: e(t)=-Lf (1)~ b [p(z)dr] for typ <teg<tws (69
0

Case 3: £(t) ~ 0 for trg >> tays

where #)s5 is the Matthews-Blakeslee critical thickness [6] for the total strain energy in the
RG layer, and fpys is the maximum metastable thickness, which depends on the growth
conditions [68]. Equation (6.5) implies that the RG layer is fully strained when 0 <tz <
Iy, partially relaxed when #yp < trg < fays, and fully relaxed when fzg >> tyys. Since the
objective of growing an RG layer is to introduce relaxation, case 1 is not desirable and the
minimum RG thickness is fgg = fup. Full relaxation of RG (Case 3) is also not desirable
because less residual strain would be generated. Moreover, a large thickness must be used
to create the supersaturation of strain energy necessary for dislocation nucleation, similar
to the FG case. In other words, a maximum grading rate and a minimum thickness would
be required to achieve good quality heteroepitaxy. Thus, only a metastable RG is

potentially beneficial and will be explained further.

The MD density profile of a metastable RG is given by:

ﬂ(f)=£—(f0—d%) for typ < trg < twss (66)
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This equation implies that if £,> d = the highest MDD in the buffer layer is located

VAQ)
t
at the SI/RG interface, i.e. t = 0, and reduces to a constant at £ > (0. Based on the
discussions above, the design rule of a RG layer can be determined by looking at the
effect of grading rate on MDD distribution and residual strain. In a RG layer, the grading

rate can be varied by:

a) keeping f, constant and changing ¢, or

b) keeping 7 constant and changing £,.

Both cases will be considered in the following illustrations.

a) £, =constant, t increases

The effect of grading rate on the residual strain and MDD is illustrated in Fig.6.3 for #3 <
tr < tys. For simplicity, the positive and negative signs for tensile and compressive
strains are omitted, but its effects on the TD behavior will be further explored in the

subsequent section.
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Figure 6.3. Schematic of the effect of grading rate on the residual strain and misfit
dislocation distribution in a reverse-graded buffer layer.

Figure 6.3 shows that MDD at ¢ = 0 is not affected by increasing grading rate, because £,
is constant in all three cases. At ¢ > 0, MDD decreases as the grading rate decreases and
the minimum happens at ¢ = #jys, giving the maximum RG thickness. The minimum RG
thickness is fyp and it decreases as the total energy in RG increases, which can be

achieved by increasing £, as will be illustrated next.

b) trg =constant, £, increases

For a given fgg, the grading rate, d %1 ,can be increased by increasing £,, as illustrated

in Figure 6.4. It shows that when £, (and thusd {%) increases, the MD density at =0

increases and MDD at ¢ > 0 decreases. This situation is desirable because roughness may
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be reduced if MD is further away from the SiGe surface. The magnitude of residual strain
(the area under the curve) also increases as f, increases. At some points, the residual
strain sign might also change to the opposite direction. The consequence of this situation

1s explained next.
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Figure 6.4. Schematic of the effect of £, on the residual strain and misfit dislocation
distribution in a forward-graded buffer layer.

The residual strain distribution depends on the initial mismatch, f,, grading rate
and the amount of strain relieved by dislocations (equations 6.4 and 6.5). Given similar
grading rate and amount of strain relaxation, the effect of £, on the residual strain
distribution is illustrated in Fig. 6.5. The calculation assumes all MDs are confined at t=0

where relaxation is maximum and the RG layer is fully strained.
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Figure 6.5. The residual strain distribution in a 90-nm RG layer with different f,,

The tensile and compressive residual strains exert forces in opposite directions on
the TD arm (Fig 6.6). When all residual strain is compressive as in the FG case, the TD
glide direction is given in Fig. 6.6 (a). When the magnitude of compressive strain is
equivalent to the tensile strain, the TD arm is pinned and glide is prohibited (Fig. 6.6 (b)).
This is an undesirable situation as relaxation might progress by nucleation of new MDs
and the probability of TD annihilation would be reduced. Finally, when all residual strain
is tensile, glide still dominates in the opposite direction (Fig. 6.6 (c)). One concern about
a tensile residual strain is the tendency of the dissociation of 60° MD into partials [108].
If this reaction dominates, the efficiency of strain relaxation could be reduced because the
Burger’s vector of the partials is smaller than that of 60° MDs [51,108]. Therefore, the

low TDD-strain relaxation might be best realized by using a compressive residual strain.
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Figure 6.6. Schematics of TD behavior under different ratio of tensile and compressive
strains.

Based on the above analyses, the following working hypotheses can then be constructed:
1. Misfit dislocation and residual strain distribution

When a RG buffer is used to introduce relaxation, MDs prefer to nucleate at the RG/Si
interface and a residual strain is generated across RG. If most of MDs are confined away
from the SiGe surface, roughness could possibly be improved. It is also postulated that a
compressive residual strain may assist the reduction of TDD by promoting glide of MD

towards the wafer edge and by increasing the possibility of TD annihilation.

2. The thickness range of an effective RG laver is fyg < trg < tys.

The minimum RG thickness is 7y and it decreases as the total strain energy in RG
increases, which can be achieved by increasing f£,. In other words, the grading rate does
not limit the thickness of the buffer layer and £, , the interfacial mismatch, which is only
bound by accessible experimental conditions, is the limiting factor. This advantage can be
exploited to grow a thin buffer layer for high quality relaxed SiGe. The maximum
thickness is fyys, which is reported experimentally to be less than 100 nm [68]. This
thickness range is still 10x thinner than the state-of-the art FG layer, thus providing a

strong motivation to demonstrate the RG heterostructure.
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6.2. Growth and characterizations of the novel reverse-graded SiGe heteroepitaxy

In this section, the reverse-graded concept is demonstrated in a SiGe/Si
heteroepitaxy. The epitaxial growth was done on 8-inch Si (001) substrates in a
commercial LPCVD system using SiHs and GeHy as sources. Before growth the Si
substrate was baked in H, to promote native oxide desorption. The reversed Ge
composition gradient was introduced by ramping down GeHy flow during growth to 0
sccm, starting with Ge concentration of around 35%. A SiGe layer with uniform Ge
composition was then grown immediately following the buffer growth with constant
GeH, flow. Different GeH, flows were used in order to get different Ge compositions. In
some samples, a Si layer was deposited right after the SiGe layer growth by stopping
GeH, flow. The samples were then characterized by Auger Electron Spectroscopy (AES),
high resolution X-ray Diffraction (XRD), Transmission Electron Microscopy (TEM),
Atomic Force Microscopy (AFM). A Wright etch of about 70 nm SiGe was carried out to
obtain a statistical value of the threading dislocation density in the top SiGe layer with

constant Ge composition.

Table 6.1 summarizes our results on different Ge compositions, which are

comparable to, or even better than, the previously reported data [141].

Table 6.1. Epitaxial quality of the as-grown relaxed SiGe on RG buffer.

Ge composition (%) | Strain relaxation degree | Threading dislocation density (/cm®)
14 86 3x10*
25 85 4x10°
32 86 8x10°
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To illustrate the RG buffer concept, the following discussion concentrates on one
sample with ~ 32 % Ge in the relaxed SiGe layer. The thickness of this relaxed SiGe is
170 nm and on top of this layer, a 250 Si layer was grown. The quality of the relaxed
SiGe layer grown on this kind of buffer was then characterized in terms of strain
relaxation, threading dislocation density, as well as surface roughness. First, the reversed

Ge composition profile for the buffer layer is confirmed by AES measurement (Fig. 6.7).
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Figure 6.7. AES depth profile of Si/Ge composition for the sample with reversed

Ge composition gradient.

Although the Ge composition was designed to decrease from ~35 % at the Si
substrate side to 0 at the surface of the buffer layer, due to the limited depth resolution, it
shows a decrease from 32% to 14%. Note that the figure shows only part of the top SiGe
layer with uniform Ge composition. Secondly, the quality of the uniform Ge layer was

investigated.
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Strain relaxation in the uniform Ge composition layer was determined by XRD.

Figure 6.8 shows (004) XRD rocking curve of the sample.
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Figure 6.8. Symmetric (004) XRD rocking curve for the RG sample.

The peak at around -2200 arcsec originates from the relaxed SiGe layer, with broad
intensity at around -2000 arcsec due to the graded SiGe layers. In combination with a
(115) XRD rocking curve (not shown here), the Ge composition could be determined to

be 32%, consistent with AES measurements. The strain relaxation degree,

a) sice — As; . . . .
R=-"%%_ 5 where a,, is the in-plane lattice constant of SiGe layer, ag; and

Asige ~ si
ag are the bulk lattice constant of SiGe and Si, respectively, is measured to be 86%.
Deviation of Vegard’s Law for the lattice constant versus Ge composition was taken into
consideration in our analysis. The peak around 1500 arcsec is from the thin Si cap,
indicating tensile strain, which was further confirmed by Raman spectroscopy (not
shown). The position of the tensile strained Si peak is consistent with the HR-XRD

measurement on the relaxation degree if the Si layer is assumed to be fully strained.
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Fig. 6.9 shows an AFM image of the sample. The long, regular-spaced cross-
hatch pattern indicates uniform strain relaxation by misfit dislocation and few threading
dislocations, consistent with the etch experiments. The Root-Mean-Square (RMS)
roughness in the AFM image (20x20 um?) shown in Fig. 6.9 is 1.11 nm, which is better
than the value readily obtained by other buffer techniques [141,142]. This low RMS value
confirms our earlier hypothesis that roughness could be reduced since most of the misfit
dislocations are located away from the surface. The cross-hatch pattern is believed to
result from the introduction of misfit dislocations, and their stress fields impact on the

local epitaxial growth rate [141,143].

0 10.0 20.0 pm

Figure 6.9. AFM image of the sample surface showing a cross-hatch pattern of
misfit dislocation network.

The distribution of MDs can be observed from the cross-sectional TEM image of
this sample (Fig. 6.10). The inset shows the HR-TEM image of the SiGe buffer layers

which is free of defects.
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Figure 6.10. Cross-sectional TEM image of the RG heterostructure and the HR-

TEM image of the SiGe layer.
The thin SiGe buffer layer (around 90 nm thick) is visible because of the reversed Ge
composition gradient, and compositional contrast between the buffer and top SiGe layer.
The top SiGe layer is around 170 nm thick. The most striking feature of the TEM picture
is the absence of threading dislocations in the relaxed SiGe area. A conservative
estimation of the threading dislocation density yields a value <1x10° cm™. A Wright etch
was performed, and the etched sample was investigated by optical microscope to get a
reliable statistical value over larger areas (>0.002 cm®). The threading dislocation density
was counted to be 8x10° cm™. Misfit dislocations can be clearly seen at the interface
between the Si substrate and the RG layer, indicating significant strain relaxation. This
observation confirms the earlier hypothesis which predicts that TD glide should take
place at the RG/Si interface, where the mismatch strain is the highest. In addition, the
absence of MD across the RG layer suggests that there should be a residual strain in the
RG layer, affirming the metastable hypothesis. The residual strain along the RG depth
may act as threading dislocation filters, reducing the threading dislocation density in the

upper SiGe layer with uniform Ge composition, as we observed.
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To confirm the presence of residual strain in the RG buffer, Reciprocal Space
Maps (RSM) of the RG heterostructure with a final Ge concentration of 25% were carried
out. A symmetric scan (004) was performed to check for the presence of tilt between
SiGe and Si substrate, and the result is shown on Fig. 6.11. The two peaks are aligned

parallel to each other, with negligible deviation in Qx, and thus negligible tilt.
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Figure 6.11. A (004) reciprocal space map scan of RG heterostructure.

The asymmetric scan (224), labeled to indicate the main layers in the
heterostructure, is shown in Fig. 6.12. The RSM clearly shows the partially-relaxed RG
layer, superimposed on the relaxed SiGe peak. Residual strain of the RG layer can be
determined by extracting the lattice parameters from RSM. However, since the lattice
parameters are a function of Ge content and relaxation, an independent RBS measurement

was carried out to determine the Ge content profile across the RG layer.
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Figure 6.12. A (224) reciprocal space map scan of RG heterostructure.

Fig. 6.13 shows the RBS spectrum of the same sample used for the RSM measurement.
Three elements, Si, Ge and O, are detected and their normalized yields vary according to
the atomic mass. Trace of oxygen is detected because a thin SiO; residue has formed at
the strained Si interface. The Ge signal shows the reverse-graded layer and a fit of the
above profile results in a linear grading from x = 0.4 at the Si/RG interface to x = 0.15 at
the RG/SiGe interface. The thickness of the RG layer is 90 nm, consistent with the cross-
section TEM image (Fig. 6.10). The Ge concentration depth profile from the RBS
spectrum is plotted in Fig. 6.14. Both Ge concentration from RBS and lattice parameters
from RSM fit are used to calculate the amount of residual strain in the RG layer, and the
result is shown in Fig. 6.14. The calculation detail for the RSM experimental fit is given

in Chapter 3.
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Figure 6.14. Depth-profile of residual strain and Ge concentration inside the RG

heterostructure.
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The theoretical residual strain fit was calculated by the following equation:

g(t) = f(t) — (R x 0.0418x) (6.7)
where R is the degree of relaxation and x is the Ge content of the top uniform SiGe layer.
The second term of this equation represents the total amount of strain released by all
MDs, or equivalent to the second term in equation (6.1). The open square is the
theoretical fit calculated by assuming R to be constant across the RG layer. It is obvious
that this fit is close to the experimental results at £ > 40 nm, but deviates at 7 < 40 nm.
This implies that the amount of strain released by the RG layer is not uniform, and more
strain is released by the region near the Si substrate. Another theoretical calculation was

performed with the assumption that R is not constant and is represented by the dotted line.

Fig. 6.14 shows that the experimental residual strain trend of the RG layer agrees
well with the theoretical calculation, and the negative sign shows the strain is
compressive, which is expected for growth of SiGe on Si. The top part of the RG layer
near the SiGe interface is under tensile strain because the Ge concentration is smaller than
that in the uniform SiGe layer. The residual strain of the uniform layer is close to 0, or
corresponds to 80% relaxation, consistent with the rocking curve result presented earlier
(Fig.6.8) This important observation confirms our earlier hypothesis that a relaxed SiGe
can be grown on a metastable (i.e. partially-strained) RG layer as long as MD can be

nucleated at the RG/Si interface, shown earlier by cross sectional-TEM (Fig. 6.10).

Fig. 6.14 also shows that the magnitude of the residual strain is considerable ( >
1%), and about 10 times larger than that observed in FG layer [86]. The residual strain in
RG and FG is compared by the analytical calculations discussed earlier (sub-chapter 6.1).
For a simple direct comparison, the grading rate and final relaxation in both buffer

systems are assumed to be similar and the effect of the residual strain sign shall be
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ignored. In this analysis, the FG buffer is linearly graded from 0% Ge to 25% Ge
(strain=0.0105) and the RG buffer is linearly graded from 25% Ge to 0% Ge over a
thickness of 90 nm. Figure 6.15 clearly shows that the residual strain in RG is larger than
FG because MDs are confined at the RG/Si interface and the RG layer is metastable. On
the other hand, the uniformly-distributed MDs across the FG layer cause an almost full

relaxation of this buffer layer and consequently small residual strain.

0.01
—e— Forward graded
0.008 - —=— Rewerse graded
0.006
£ 0.004 -
% 0.002 -

180

thickness (nm)

Figure 6.15. Analytical comparison of the residual strain in FG and RG buffers.

In summary, we have demonstrated that a relaxed SiGe layer with smooth surface
and low threading dislocation density can be fabricated, using a thin (~90 nm) SiGe
buffer with reversed Ge composition gradient. This section has verified two important
hypotheses:

1) misfit dislocations are confined at the RG/Si interface as shown by cross-sectional
TEM, and

2) the reverse-graded buffer contains a large residual strain as shown by RSM.

The strain relaxation and the TDD reduction mechanisms will be further explored by

TEM in the next section.
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6.3. Strain_relaxation and TDD reduction mechanisms of the reverse-graded

heteroepitaxy

It is generally observed that strain can be released through a series of mechanisms,
commonly classified as i) roughening of the epitaxial surface film, ii) diffusion across the
film/substrate interface, and iii) the introduction of misfit dislocations [51,53]. In our RG
system, strain relaxation by roughening of the epitaxial surface film can be ruled-out
because the AFM image on Fig. 6.9 shows a flat interface, free from 3-D islands signature
of the roughening mechanism [53]. This observation is, in itself, remarkable because
growth of SiGe with x > 0.3 often results in the roughening of the epitaxial film [17].
Relaxation by diffusion across the film/substrate interface can also be ruled out since the
cross sectional-TEM image (Fig. 6.10) shows distinct contrast at the RG/SiGe interface.
Figure 6.10 shows the presence of dislocation loops which could release part of the strain.
The cross-hatch pattern of the AFM image in Fig.6.9 gives strong qualitative evidence
that misfit dislocation is the strain-relief mechanism in the RG heterostructure. A more
quantitative justification can be obtained from plan-view TEM images by measuring the
average distance between misfit dislocations. In this section, the strain relaxation

mechanism of the RG heterostructure would be explained.

Figure 6.16 shows the cross-sectional TEM images taken from locations with
different sample thicknesses. As the TEM sample thickness increases (from figure a to d),
more dislocations can be observed in the Si substrate because there is more volume
contributing to the diffraction. However, no threading dislocations towards the surface

can be observed in all images.

94



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 6:
A novel concept of reverse-graded buffer layer for relaxed SiGe heteroepitaxy

—
3 =ER 100 mm

SiGe

strained Si

strained S S

.tit — £ —
110 -HR 100 om ViR -HB 100 um

Figure 6.16. Cross-sectional TEM image of the RG heterostructure of different TEM
sample thicknesses.

Figures 6.16. ¢ and d show the presence of stacking faults as indicated by arrows. A

HRTEM image of the stacking faults is shown in Fig. 6.17
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Figure 6.17. HR-TEM image of a stacking faults in the Si substrate

These stacking faults are generated from the movement of Shockley partials, which is the
product of 60° MD dissociation. The glide of the stacking faults in at the RG/Si interface
may release strain, however since the magnitude of the Burger’s vector of the partials is

smaller than perfect dislocations, their role in strain relaxation is less significant [108].

The dislocation loops observed in Figs. 6.16 b and ¢ resemble those generated by
the activation of Frank-Read sources reported by LeGoues et al. [75] and Lefebvre et al.
[76]. A schematic of this mechanism can be found in Fig. 2.8 (Chapter 2). The bowing of
the dislocation segment to form a Frank-Read loop takes place when the applied shear

stress, 7, exceeds a critical shear stress, 7, , which is expressed by [108]:

_Gb

T =—0 6.8
«=57 (6.8)

where G is the shear modulus of the material, b is the Burger’s vector component of the
dislocation, and L is the length of the AB segment. L can be estimated to be the average
distance between two dislocations, i.e. 82 nm in this case. Taking G to be 66 GPa for

Sig.75Geo2s, 7, 1s 0.16 GPa, equivalent to a strain of 0.24%. The residual strain calculated
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from RSM (Fig. 6.14) is much larger than this critical strain, rendering the operation of

Frank-Read loop possible.

The amount of strain relaxation by misfit dislocation (g . .. ) can be related to the

misfit

distance between MDs (Lup) by the following relationship [53]:
b

Lo

where b is the Burger’s vector component of the strain-relieving dislocation. For a mixed

Emisfit = (6.9)

60° misfit dislocation, b = 0.39/cos 60 = 0.195 nm. The plan-view TEM image in Fig 6.18
shows a network of orthogonal MDs at two different interfaces. To understand the
contrast in this figure, the cross-section schematic of the plan-view TEM sample is shown
as the inset. Since the thinning procedure of the specimen consisted of a) dimpling, which
resulted in the wedge shape, and b) ion-milling from the substrate side to keep the top
SiGe intact while achieving electron-transparent thickness, the SiGe/RG interface is
thinner than the RG/Si interface. During observation from zone axis [001] the thinner

SiGe/RG interface appears brighter than the thicker RG/Si interface (Fig 6.18).
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Figure 6.18. Plan-view TEM image of different interfaces in the heterostructure. The

inset illustrates the TEM sample thickness and the direction of the electron beam.

It is clear that the MDs are located at both interfaces, but that most of them are located at
the RG/Si interface. From the average distance of the MDs, the amount of strain released
at the SiGe/RG interface accounts for <10% of the total relaxation of the heterostructure,
while those at the RG/Si interface accounts for ~30% and the MFR loops release the
remaining 25% strain. In the RG, as the %Ge composition decreases, so does the built-up
residual strain and the elastic energy, thus reducing the gliding of existing TDs and
preventing the nucleation of new MDs at the RG/Si interface. At the RG/SiGe interface,
where the %Ge is changed abruptly from 14% to 25%, a new built-up strain source
facilitates the gliding of the residual TDs (coming from the underneath RG/Si interface)
as MDs. The MDs generated at this interface are almost exclusively the product of the
TDs glide, as the necessary MDs (which is translated to more TDs) to relieve strain have

been already nucleated at RG/Si interface. The low MD density at this interface (<
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10*cm™) increases TD velocity glide and the annihilation probability with another TD of
opposite Burgers vector as studied extensively by Romanov et al.[80-84]. It should be
noted that the secondary glide might also take place at the interface where the strain
direction changes from compressive to tensile. However, since this reaction must take
place in a very short (growth) time before a relatively higher compressive uniform SiGe
layer is deposited, the glide at this interface is limited and less significant. On the
contrary, the TDs reduction at the RG/SiGe interface is quite efficient. The MD
elongation velocity is in fact strongly favored by the low friction and dislocation pinning
probability during the TD glide. The average TD glide distance is shown in Fig 6.18 to be
> 3 pm, larger than the TEM image width, while the residual TDD in the top SiGe layer,
obtained by microscope observation on etched-samples, is on the order of <10°/cm? (see
Fig 6.19). This is a quite remarkable result for a 90nm thick layer especially when

coupled with a 1.1nm surface roughness.

Fig 6.19. Optical microscope image of the relaxed SiGe surface after Wright etch.

99



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 6:
A novel concept of reverse-graded buffer layer for relaxed SiGe heteroepitaxy

In summary, all of the evidence above shows that strain relaxation in the RG
heterostructure is accommodated by MDs, formed mostly at the RG/Si interface and some
at the SiGe/RG interface, as well as MFR loops in the Si substrate. The decreasing %Ge
in the RG decreases the MD generation rate, resulting in lower MD at the second
SiGe/RG interface where the residual interfacial tensile strain facilitates 1) long MD glide
and 2) TD annihilation. Strain relaxation of lattice-mismatched heterostructures with
minimum TDD can thus be achieved by providing two interfaces: the first for MD

nucleation and majority strain relief, and the second for TD annihilation.

6.4. Thermal stability of the reverse-graded SiGe heteroepitaxy

It has been established in the previous section that the residual strain in the RG
layer plays an important role in reducing the TDD. Previous work has reported that
during the high temperature anneals encountered in a typical semiconductor fabrication,
strain relaxation of strained SiGe [144], strained Si [119] and diffusion of Ge into
strained Si layer (chapter 5.1) might take place. Since the presence of residual strain in
the RG layer is needed to achieve low TDD and nucleation of new dislocations might
take place during straiﬁ relaxation, it is essential to characterize the thermal stability of
the residual strain in the RG layer. Moreover, the relaxation of strained Si and Ge
diffusion into the strained Si layer may mitigate the carrier mobility gain of the strained
Si channel [145,146]. This section is dedicated to the study of the epitaxial quality of the
RG structure before and after annealing at various temperatures to explore the feasibility

of integrating the RG heterostructure to a real wafer manufacturing environment.
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Annealing was conducted at 800, 900 and 1000 °C for 1 minute each in N,
ambient in a rapid thermal processing (RTP) system. The as-grown and annealed samples
were then characterized by Auger Electron Spectroscopy (AES), High-resolution X-ray
diffraction (HR-XRD), Transmission Electron Microscopy (TEM) and Atomic Force
Microscopy (AFM). A Wright etch of about 70 nm SiGe, followed by Nomarsky
microscopy was carried out to obtain statistical data on threading dislocation density in
the top SiGe layer with constant Ge composition. The stability of the strained Si layer was
investigated by micro-Raman spectroscopy with a laser wavelength of 514.5 nm. For this

thermal stability study, the focus is on the sample with 32 % Ge content.

The extent of relaxation of the SiGe layer after annealing was quantified by using

a combination of symmetric and asymmetric X-ray rocking curve scans (Fig. 6.20).
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Figure 6.20. Symmetric (004) rocking curves of the samples before and after
annealing showing insignificant SiGe peak shift.

The rocking curves reveal two significant peaks attributed to the Si substrate and SiGe
layers. The SiGe peaks of the symmetric scans do not shift significantly after annealing,

which implies qualitatively that the SiGe layer is stable and experiences no further
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relaxation after annealing up to 1000 °C. The strain relaxation degree, obtained from a

combination of symmetric (004) and asymmetric (115) rocking curves, is tabulated in

Table 6.2.

Table 6.2. Epitaxial quality of the samples after anneals at various temperatures.

Annealing | Ge content | Relaxation | Roughness TDD

condition (%) (%) (nm) (cm™)

as grown 32 86+14 1.21 8 x10°
800 °C 32 83+10 1.34 1.13x10°
900 °C 32 84+8 1.12 1.20x10°
1000 °C 32 88+9 1.39 1.60x10°

The relaxation of the as grown and annealed samples shows values between 83 % and 88
%, which is well within the measurement error. The roughness of the samples is < 1.5 nm,
and superior to the other buffer methods [143], while the threading dislocation density
(TDD) is < 1.6 x 10%cm?, comparable to other buffer systems [25]. The epitaxial quality
of this heterostructure is clearly superior to that of uniform composition SiGe directly
grown on Si substrate. For example, SipesGegs, directly grown on Si substrate at
temperatures beyond 550 °C show strain relaxation by severe surface roughening [17,53].
Lower growth temperatures can avoid surface roughening, but only at the expense of high

TDD (107-10%/cm?) [25,147-149].

Figures 6.21 (a) and (b) show the plan-view TEM images of the sample before
and after annealing at 1000 °C, respectively. Some irregular black fringes are formed due
to the thickness contrast, originating from the non-uniform TEM sample thickness. An
orthogonal misfit dislocation network, with comparable length and density, can be

observed on both images, implying no further strain relaxation by misfit dislocations
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takes place after anneal. This result is consistent with the HR-XRD results described
earlier. The saturation of relaxation behavior can be explained by considering the
interaction between misfit dislocations. At the later stage of plastic relaxation, a large
quantity of misfit dislocations have formed, thus reducing the distance between adjacent
misfit segments. When two dislocations of similar Burgers vector are in proximity, there
will be a repulsive stress between the dislocations that inhibits further glide [51]. As the
dislocation propagation is inhibited, the excess strain in the system cannot be relieved. To
further relax the SiGe layer, one could increase the thickness of the SiGe layer. However,
this successful preliminary study suggests a possibility of growing good quality high-
lattice mismatched epitaxial films with total thicknesses of less than 0.5 um. As a
comparison, to obtain a relaxed Sip;Geps by using forward graded buffer layer, both
equilibrium calculations and experimental results showed that at least 5 pm of graded and

relaxed SiGe layer must be grown [86,142].

Figure 6.21. Plan-view TEM image of the sample (a) before and (b) after anneal at
1000°C showing no change in misfit dislocation density and length.

The dislocation behavior inside the epitaxial layer is observed by TEM cross-
section in Fig. 6.22, which shows the Si substrate, reversed graded (RG) layer, relaxed

SiGe layer and a thin strained Si layer.
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Figure 6.22. Cross-sectional TEM image of the sample (a) before and (b) after anneal at
1000°C showing dislocations only at the RG/Si interface.

The darker region at the Si/RG interface is associated with a large number of misfit
dislocations, which creates a dislocation-induced strain field and diffraction contrast. It is
noted that the dislocations are contained at the interfaces, and not distributed across the
graded layer as in the case of forward grading [75]. It is postulated that the high-mismatch
interface provides a much more favorable site for dislocation nucleation due to the
accumulation of free energy, and the residual stress within the RG layer exerts forces that
suppress the upwards propagation of threading dislocations. Fig. 6.22 (b) shows the cross-
section TEM image of the sample annealed at 1000°C, wherethe accumulation of defects
at the RG/Si interface is evident. Even though more defects can be observed in the Si
substrate they do not thread towards the top SiGe layer. This observation implies that the
residual stress in the RG layer remains stable after annealing at 1000 °C, and the TDD on
the top SiGe does not increase significantly, confirming our etching experiment (Table
6.2). The stability of the residual strain in the RG layer may be due to the reduced driving

force for dislocation nucleation after a substantial amount of strain has been released.
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The thermal stability of the strained Si layer was also investigated by Raman
spectroscopy. Figure 6.23 shows the Raman spectra of the sample before and after

annealing at various temperatures.
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Figure 6.23. Raman spectra of the samples before and after annealing.

According to the position of the strained Si peak, the amount of strain in strained Si is
quantified to be 0.7 % by using the b for strained Si obtained in Chapter 4. It is obvious
that the position of strained Si peaks of all samples remain fixed, implying that strain is
conserved after annealing. Moreover, the intensity of the strained Si peaks remain
relatively unchanged after annealing, implying that the thickness of strained Si layer was
not reduced by Ge out-diffusion. This observation was confirmed by our SIMS
experiment (not shown), where Ge diffusion into Si is estimated to be < 5 A, which is
within the crater-depth measurement error. Similar results have also been reported
previously [120]. Finally, on Fig 6.22 (b), the clear interface between strained Si and

relaxed SiGe indirectly confirms the negligible Ge diffusion.
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In summary, we have investigated the thermal stability of the reverse-graded
buffer/ relaxed SiGe/ strained Si heterostructure under various annealing conditions. HR-
XRD shows no additional relaxation of the heterostructure after annealing up to 1000 °C.
No additional dislocation nucleation and propagation can be observed by cross-section
and plan-view TEM, as well as threading dislocation-count by etching. In addition, the
strained Si layer is not relaxed after annealing nor degraded by Ge diffusion. Finally, the
stability of this heterostructure may imply that the film stack has reached a near-
equilibrium condition and the RG heterostructure is a suitable candidate for the growth of

strained Si and/or Ge layers for future CMOS devices.

6.5. Chapter Summary

In this chapter, a novel concept of reverse grading in SiGe heteroepitaxy system
has been proposed and demonstrated. The summary of this chapter is as follows:

1. It is postulated that a thin graded buffer layer can be realized by using the novel
reverse-graded concept, under metastable conditions. If most misfit dislocations
are confined at the RG/substrate interface and a significant residual strain is
present, a relaxed epitaxy layer with low TDD and roughness can be grown on top
of this buffer layer.

2. This idea is demonstrated successfully in a SiGe/Si heteroepitaxy, where a 90 nm,
85% relaxed SiGe has been grown with a TDD of ~10°/cm® and a roughness of
1.1 nm.

3. Strain relaxation takes place by misfit dislocations at the RG/Si interface and
inside the Si substrate, which is formed by MFR mechanisms. Evidence for
residual strain is shown by RSM and its role in TDD reduction has been

explained.
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4. Finally, this heterostructure is stable up to 1000°C with no further relaxation in
SiGe and strained Si.
In conclusion, all of the above investigations favor the implementation of this novel

heterostructure for future strained-channel transistors.
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Chapter 7:
A novel SiGe/SiGeC buffer layer

for low-dislocation-density relaxed SiGe

Strain relaxation of relaxed SiGe on a novel SiGeC/SiGe superlattice buffer layer
is demonstrated after annealing at high temperatures. The idea stems from the fact that
SiGeC decomposes into SiC precipitates when annealed at 900 °C and above [49,50]. A
combination of SiC precipitates and strain field in the superlattice are thought to provide
enough force to pin threading dislocations. Furthermore, the different lattice constants of
SiC and the SiGe matrix may create coherency strain that transforms the epitaxial
mismatch strain into localized discrete strain, resulting in a net reduction of misfit
dislocation density. The growth and characterization of this heterostructure is presented in
sub-chapter 7.1. An unusual phenomenon of strain relaxation accompanied by TDD
reduction has been discovered and associated with the formation of SiGeC domains. In
sub-chapter 7.2, the role of SiGeC domains in TDD reduction is further explained by

plan-view TEM study.

7.1. Investigation of threading dislocation reduction phenomenon in SiGe/SiGeC

heterostructure

It is generally observed that strain can be released through a series of mechanisms,

commonly classified as i) the roughening of the epitaxial surface film, ii) the diffusion
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across the film/substrate interface, and iii) the introduction of misfit dislocations [51,53].
Strain relaxation by misfit dislocation is usually observed in the growth of high quality
relaxed epitaxial layers, such as relaxed Si;«Ge, for the subsequent growth of strained Si
for sub 90 nm transistors [25,34]. Nevertheless, the termination of the misfit dislocations
at the interface forms threading dislocations, which was found to degrade room
temperature mobility [7] and increase leakage current [8]. As strain relaxation progresses
via misfit dislocation generation, the threading dislocation density (TDD) increases as
well [17,25,51,53]. The present work shows a reverse trend, i.e. the threading dislocation
density decreases as the strain relaxation increases. This phenomenon is observed on a
Sig.77Geg 23 layer grown on top of alternating Sip77Geg 23/ Sig76Geo23Co.01 buffer layers. In
addition, after annealing at 1000°C, the top Sip77Geg 23 layer relaxes to 85 % of its bulk
lattice constant with a TDD of ~104a’cm2, which, to our knowledge, is one of the lowest

dislocation density ever attained [17,25,51,53,78].

The epitaxial growth of the alternating Sip77Geg23/Sio.76Geo23Co01buffer layers
was carried out on eight-inch Si (001) substrates in a commercial Low Pressure-CVD
system. After baking the Si substrate in H, for desorption of native oxide, the first layer of
Sig.77Geg23 was grown followed by another layer of Sig76Gep23Co01; the Ge and C
concentrations were obtained using high resolution x-ray diffraction (XRD) by fitting
symmetric [004] and asymmetric [115] rocking curve scans. The thickness of both the
buffer and the uniform Sij77Geg 23 layers was determined from cross-section transmission
electron microscopy (TEM) images. The schematic of the heterostructure is shown Fig.

7l
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Figure 7.1. The schematic of the sample with a buffer layer consisting of
SiGe/SiGeC alternating layers.

The sample was cut into several pieces and annealed at temperatures ranging
between 800 and 1000 °C for 1 hour in a N; atmosphere. A Wright etch of about 50 nm
Sip77Geg 23, followed by observations by Nomarsky microscopy were carried out to get a
statistical value of the threading dislocation density in the top SiGe of all samples. For
each annealed sample, at least 3 pieces were etched separately and TDD were counted
repeatedly. Secondary ion mass spectroscopy (SIMS) analyses were performed on
selected samples to obtain the compositional distribution of Ge and C before and after
annealing. High-resolution (HR) TEM investigations were performed at 200 kV on a
JEOL JEM-2100F field emission electron microscope. Lattice parameters, here reported
in A, were determined repeatedly to check the hysteresis of electromagnetic lenses,

obtaining values accurate to better than + 0.1 %.

Figure 7.2 shows the [004] rocking curves of the samples at different annealing
temperatures. Both the right-shift and the broadening of SiGe peak after annealing
indicate the relaxation of the SiGe layer and the presence of misfit dislocations

respectively [107]. By using both [004] and [115] scans, the amount of strain relaxation

Ay sce —a : : : :
as defined by: R = "% = where a, sc. 1s the in-plane lattice constant of Si;.<Ge

AgGe — Ay
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layer, and ag;, and ag are the bulk lattice constants of Si;.x<Gey and Si, respectively was

quantified. Figure 7.2 clearly shows that the relaxation increases as the annealing

temperature increases and, after annealing at 1000°C, about 85 % relaxation is observed.
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Figure 7.2. High resolution XRD spectra of the sample, showing a right-shift of
SiGe peak after annealing at various temperatures.

The trends of relaxation degree and TDD vs annealing temperature are plotted in
Fig. 7.3. It shows that when annealing at T < 800°C, TDD increases as relaxation
increases, as expected in the case where strain relaxation is mainly accommodated by the
formation of misfit dislocations terminating as threading dislocations [51]. However, at
anneal T > 800°C, TDD decreases as relaxation increases. This remarkable observation
prompts us to infer that the role of misfit dislocations in releasing strain has been reduced

beyond this annealing condition.

111



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 7:
A novel SiGe/SiGeC buffer layer for low-dislocation-density relaxed SiGe

8 — 100
7 -
] - 80
6_
9 460 ~
< X
-t;Q‘ 44 ‘E
o | .0
X 3. 140 2
= >
(] ©
@
E 2 490 X
14
p .#.
10
0-
T Y T v T T T T T
as 800°C 850°C 950°C 1000°C
grown Anneal conditions

Figure 7.3. Threading dislocation density (TDD) and degree of relaxation of the sample
after annealing at various temperatures.

To further investigate the relaxation mechanism, cross-sectional TEM was
performed on the samples before and after annealing at 800 and 1000°C. The low-
magnification TEM image of the as-grown sample (Fig. 7.4(a)) shows a defect-free SiGe
layer. The HRTEM image of the as-grown sample (Fig. 7.4(b)) clearly shows alternating
layers of strained Sip77Geg23 / Sig76Ge023Co.01 Where the interfaces appear to be almost

free of defects.
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Figure 7.4. (a) Low magnification TEM image of the as-grown sample and (b) a bright-
field TEM image of the SiGeC/SiGe alternating buffer layer.

After the sample was annealed at 800°C, dislocations were generated at the
Sig77Geg23/Si interface and propagate upwards as threading dislocations. A statistical
TDD estimation based on several TEM images (an example of which is shown in Fig.
7.5) yields a value of 7.68 x 10°/cm? which is in good agreement with the etching
experiment. The alternating layers of strained Sig77Geg23 / Sig76Ge23Co01 are clearly
shown in the inset of Fig. 7.5. Based on these observations we can conclude that the strain
relaxation of the Sig77Geg 23 layer at 800°C is mainly accommodated by the formation of

misfit dislocations, as expected.
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Si substrate

Figure 7.5 Low magnification TEM image of the sample after anneal at 800°C
with threading dislocations indicated by arrows. The inset shows the presence of
SiGeC/SiGe alternating buffer layer.

On the other hand, the TEM investigation of the sample after annealing at 1000°C
(Fig. 7.6(a)) shows a notable absence of dislocations and a complex contrast at the
interface of the Si and buffer layer. SIMS measurement (not shown) confirms that C was
not lost after annealing. The HR-TEM image of the interface (Fig. 7.6(b)) reveals whitish,
grey and black contrasts, which may correspond to small domains exerting different
amounts of stress to the matrix. A few dislocations can also be observed as indicated by
parallel lines. Selected area electron diffraction (SAED) of the interface regions along
[110] reveals at least one weak satellite spot at high angles, and at some reflections, two
satellite spots can be observed (inset of Fig.7.6(b)). The satellite spots are aligned with
the main diffraction spots, implying coherency with the matrix. The coherency between
the domains and the matrix is further confirmed by the absence of Moire fringes in dark-
field TEM images (not shown). In Fig. 7.6 (b), the lattice constant of reflection 1 is
indexed to be 5.47 A, which corresponds to the Sig77Geg 23 matrix (85 % relaxed) while,

the lattice constant of reflection 2 is indexed to be 5.45 A, which may correspond to Si;.x.
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yGexCy (with x <0.23 and y < 0.01). Finally, the lattice constant of reflection 3 is indexed

to be 5.44 A, close to pure Si. The presence of pure Si reflections can be explained by

inter-diffusion of Si and SiGe/SiGeC.

(a)

Si substrate

Figure 7.6. (a) Low magnification TEM image of the sample after anneal at 1000°C, and
(b) HR-TEM image of the sample’s interface after anneal at 1000°C with misfit
dislocations indicated by arrows. The inset shows the selected area electron diffraction
pattern of the interface region, showing satellite spots of the domains.

Further evidence of the presence of domains is shown by the plan-view TEM
image (Fig. 7.7), taken normal to [001] plane. Unlike the conventional misfit dislocation
network, where the dislocations run in two orthogonal directions, an irregular dislocation
network is observed in Fig. 7.7. In the presence of domains, a gliding misfit dislocation
may climb or cross-slip around the domains instead of gliding pass through it as a huge

amount of energy would be required [150].
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Figure 7.7. Plan-view TEM image of the sample showing an irregular dislocation
network.

Earlier experimental work has reported the formation of B-SiC in SiGeC after
annealing at 900 °C [49,50]. However, the indexing of diffraction pattern satellites does
not match the lattice constant of B-SiC (a = 4.36 A). FTIR observation does not reveal the
B-SiC peak in all annealed samples (not shown). Thus, these phase-separated domains
that we have observed do not appear to be SiC. The reason behind the retardation of SiC
formation presently remains unclear. It could be due to the lowering of the average C
content in the buffer due to homogenization, which reduces the driving force for SiC
precipitation. It is also likely that the retardation of SiC formation is directly related to the
formation of SiGeC domains, a mechanism that still requires further investigation. It is
possible that the strain-field fluctuations due to the SiGeC/SiGe superlattice and/or
existing misfit dislocation have caused non-homogenous Ge or C diffusion which forms

the SiGeC domains.
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From all of the above observations, it is clear that the initial Sig77Gegaz /
Sip76Ge23Co.01 alternating layers have been homogenized after annealing at 1000°C,
probably facilitated by Ge and C diffusion. We propose that the strain relaxation of the
top Sig77Geg 23 at 1000°C is accompanied by a reduction in TDD because of the formation
of coherent Si;_,.,GexC, domains, which could be facilitated by the decomposition of the
alternating layers. These domains may assist the relaxation of the top Sip77Geq 23 layer by
transforming the epitaxial misfit strain to discrete strain at the interface of the domains
and the Sip77Geg 23 matrix, as shown by the contrast of HR-TEM images(Fig. 7.6(b)). In
addition, the Si;.x.,GexC,y domains may provide the interface for the termination of misfit
dislocations, which could be generated during the earlier stage of strain relaxation. Thus,
the relaxation of lattice-mismatched Siy77Geg 23 on Si with a reduction in TDD, can be
explained by the dual role of Si;.x.,Ge,Cy domains, i.e. creating discrete strains at the
interface between Si;..,GexCy and Sig77Gep23 matrix and blocking the propagation of
misfit dislocations. It should also be noted that misfit dislocations may release part of the
misfit strain. However, a rough estimation of misfit dislocation density from plan-view
TEM images shows that the maximum strain relaxation released by misfit dislocation is
40 %. It is then safe to conclude that the remaining strain is released by the discrete strain

relief of the Sij_,.yGe,Cy domains.

In conclusion, the relaxation of lattice-mismatched Sig77Geg 23 on Si accompanied
by a reduction in TDD has been observed. HR-TEM study shows the absence of
dislocations at Sij77Geg23/Si interface and the presence of Sij.x.,GexCy (with x <0.23 and
y < 0.01) domains in Sip77Gep23; matrix. We infer that the low TDD-relaxation is a
consequence of the dual role of the domains, that first, transform the epitaxial misfit strain

into discrete strains, and second, block the propagation of misfit dislocations.
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7.2. The role of SiGeC domains on the threading dislocation reduction

In this sub-chapter the role of SiGeC domains in reducing TDD is investigated by
plan-view TEM observations. A bright-field plan-view TEM image along [001] focused
at the level of the Si/buffer interface is shown in Fig. 7.8 (a). Even though most of the
dislocations are aligned orthogonally, a few misoriented dislocations are visible. Dark-
field images of the same area, obtained by selecting different g reflections, are shown in

Figures 7.8 (b-d). According to the g.b invisibility criteria, pure edge dislocations with

b=g<110> or §<1io sare invisible when one of the 220 reflections (i.e. 220 or 220 ) is

selected, and invisible for the other 200 reflection. 60° misfit dislocations, on the other
hand, are always visible when either 220 reflections is selected and may be invisible
when the 400 reflection is selected. Figures 7.8 (c) and (d) show that some dislocations
disappear when reflections 220 or 220 are selected, but become visible when 400
reflection is selected. This observation suggests that these are pure edge dislocations. On
the other hand, most of the dislocations are always visible, but invisible using the 400
reflection; this last observation suggests these are 60° misfit dislocations. Thus, the misfit
dislocation network consists of pure edge dislocations and a majority of 60° misfit

dislocations.

Since pure edge dislocations are widely-known to release mismatch strain due to
the large Burger’s vector [63-64], it is possible then to estimate the average distance of
pure edge dislocations to calculate the amount of strain relief. The estimation was not
straightforward because the pure edge dislocations are short and the density is relatively

low (as observed from Fig. 7.8 (a) and other images, not shown). The closest average
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distance between two rows of pure edge dislocations is roughly estimated to be at least
500 nm, corresponding to a 8% strain relief. Since the total relaxation is 85%, the strain
relief by pure edge dislocation is not dominant. Nevertheless, its role in the TDD

reduction is very crucial, as will be elaborated below.

Figure 7.8. (a) Bright-field plan-view TEM image of the buffer/Si interface and the dark
field images of the same location taken at (b) g = 400, (c) g =220 and (d) g = 220

For a low mismatch heteroepitaxy (€ < 0.02), it is generally believed that the

formation of a pure edge dislocation from reactions of two 60° MDs with the appropriate
Burger’s vector combination is more favorable than direct nucleation [62-64]. With a
large density of 60° MDs and the reduction of TDD observed, it is reasonable to assume
that this reaction route would be dominant. Moreover, the short pure edge dislocation
segments show that the propagation of pure edge dislocations is somehow blocked,
presumably by the original network of 60° MDs or the strain field from SiGeC domains.
Previous plan-view TEM observations showed the formation of pure edge dislocations

from two parallel 60° MDs lying on the same interface [62,65,151]. However, these
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dislocation reactions are not observed in our plan-view TEM images. It is possible then,
that the two 60° MDs first formed at different interfaces, (i.e. the SiGeC/SiGe interfaces)
and one “climbs” or cross-slips to form pure edge dislocation. This reaction path was

reported earlier by Narayan and Sharan in GaAs/Si heteroepitaxy [63].

Figure 7.9 (a) illustrates the formation of a pure edge dislocation from two 60°
misfit dislocations around a SiGeC domain. The significant strain field around the SiGeC
domains inhibits the glide of 60° MD and force it to cross-slip or climb around it in order
to continue gliding. Figure 7.9 (b) illustrates the concentration of vacancies at the SiGeC
domain/SiGe matrix interface is an additional driving force for the climb process.
Finally, the reaction between two MDs also results in annihilation or fusion of threading

dislocations, consistent with the TDD reduction observed earlier.

v

(a) (b)
Figure 7.9 Schematic of (a) two 60° misfit dislocations react to form pure edge
dislocations via cross-slip, (b) the vacancy concentration at the SiGeC domain/SiGe
matrix interface.

Evidence of cross-slip near the domain is shown by the HR-TEM image taken from the

domain region (Fig. 7.10).
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Figure 7.10. HR-TEM image of a dislocation cross-slip at the SiGeC domains area.

Finally, the more important implication of the formation of pure edge dislocation
from two 60° misfit dislocations is the annihilation or fusion of threading dislocations. It
was presented in section 7.1, that the TDD of the sample was 8 x 10°/cm? after 800 °C
anneal and 8x10%cm? after 1000 °C anneal. The difference between these two values (i.e.
7x10%/cm? or rounded up to 1 threading dislocation/100 um?) represents the number of
TD annihilation events. Assuming that the formation of one pure-edge dislocation
corresponds to fusion of two threading dislocation arms into one, each pure edge
dislocation corresponds to one TD annihilation event. From the TEM images, we could
see more than one pure edge dislocations / 100 pmz. Therefore, the phenomenon of TDD

reduction could be explained by the pure edge dislocation formation.

It should be noted that cross-slips and climb may take place without precipitates,
however, a large strain energy (4 times larger than our system) is required to initiate these
reactions [62,63,152-154]. Dislocation climb can also be facilitated by Ge/C
interdiffusion, which cannot be completely ruled-out at our annealing temperatures. It

was reported that pure edge dislocations are formed at a distance (2 VDt) from the SiGe/Si
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interface, corresponding to the diffusion length of the Ge into Si [64]. Using the diffusion
coefficient of Ge into Si at 1000 °C [51], the diffusion length is about 30 nm. In a SiGeC
alloy, the diffusion length could be even longer as the diffusion of Ge into Si is enhanced
[90,91]. Unfortunately, to our knowledge the diffusion coefficient of Ge from SiGeC to Si
at 1000°C is not available. If the diffusion-assisted climb is solely responsible for the
formation of pure edge dislocations, cross-sectional TEM should show the presence of
edge dislocations at a distance > 30 nm from the buffer/Si interface. Nevertheless, such
dislocations are not observed (Fig 7.6 (a)). Moreover, from the plan-view TEM image
(Fig. 7.8 (a)), it is clear that the pure edge dislocations lie at the same interface as the
majority of the 60° MDs. Therefore, even though Ge/C diffusion might facilitate the

formation of some pure edge dislocations, this mechanism is unlikely to be the dominant.

7.3. Chapter summary

In this chapter, strain relief accompanied by a reduction of TDD has been
demonstrated on a SiGeC/SiGe superlattice. HR-TEM investigations reveal the
homogenization of the superlattice and the presence of coherent SiGeC domains after
annealing at 1000°C. Plan-view TEM observations reveal the formation of pure edge
dislocations from the reaction of 60° misfit dislocations, that results in the annihilation of
threading dislocations. Therefore, strain relaxation with a reduction of TDD is attributed
to the dual-role of SiGeC domains that a) create elastic strain relief between the SiGeC
domains/SiGe matrix and b) assist inthe formation of pure edge dislocations from reaction
of 60° misfit dislocations and thus resulting in TDD annihilation. This strain relaxation
mechanism which does not generate threading dislocations can be exploited for the

growth of low defect density relaxed Si;«Gey epilayers.
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8.1. Conclusions

Through various original experimental work, the objective of this thesis, which is
to explore innovative new strategies for reducing dislocation density in SiGe/Si
heteroepitaxy for strained Si application, has been achieved. Here, the conclusion and

original contributions stemming from this thesis are summarized.

1. Determination of strain-shift coefficient for quantitative strain measurement by
Raman spectroscopy

Direct measurement of the strain-shift coefficient of strained Si and strained SiGe

has been carried out by a combination of High-resolution XRD (HR-XRD) and Raman

spectroscopy. The first direct measurement of the Raman strain shift coefficient of Si-Si

in strained Si, obtaining a measured value of -784 + 4 cm™, has been presented. It has also

been verified experimentally that by ¢° is a function of Ge concentration (x), consistent

with its theoretical definition, and follows the empirical relation b= -773.8 — 897.7x for

x<0.35.

2. Investigation of strain relaxation in a single epitaxial layer
Strain relaxation of two heterostructures, i.e. strained Si on relaxed SiGe and
strained SiGe on Si substrate, was induced by annealing at the extreme conditions used in

device manufacturing process. The purpose of this study is to study the classical

123



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 8:
Conclusions and Future Work

relaxation mechanisms in SiGe/Si heteroepitaxy and the following conclusions can be

drawn:

a. When the epilayer thickness is smaller than 2x the MB thickness (f < 2 fy3), strain is
stable up to 1000°C for 5 minutes because of the kinetic barrier of dislocation
nucleation. Since the thickness of strained Si is usually near to the MB thickness, it is
reasonably stable against strain relaxation at the aforementioned annealing condition.
However, Ge diffusion into strained Si was detected and is likely to be the limiting
factor in real device manufacturing.

b. When the epilayer thickness is larger than 10x MB thickness (1 >10 #)5), experimental
results suggest that surface relaxation is responsible for the initial relaxation, and after
annealing at 900°C, strain relaxation takes place by misfit dislocation generation and

followed by Ge diffusion.

3. A novel concept of reverse-graded buffer layer for relaxed SiGe heteroepitaxy
A novel concept of reverse grading (RG) in SiGe heteroepitaxy system has been
proposed and demonstrated. This work has resulted in the following conclusions:

a. Relaxed Si;Ge, (x = 0.14-0.35) has been successfully grown on a 90-nm RG layer
with a TDD of ~10°/cm” and a roughness of 1.1 nm, comparable to the best reported
values [17,25,53,78].

b. TEM investigations show that strain relaxation takes place by misfit dislocations
confined at the RG/Si interface and inside Si substrate, which is formed by modified
Frank-Read mechanisms. The considerably large residual strain, as determined by
RSM, exerts some force on the TD arms thus increasing the glide and probability of
TD annihilation.

¢. This heterostructure is stable up to 1000°C with no further relaxation in the RG and

strained Si.
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d. Unlike the well-known forward graded method, the reverse-graded concept suggests a
non-conventional grading approach, which does not require full relaxation of the
graded layer. Instead of using thickness to induce supersaturation of strain energy for
dislocation nucleation, the highest lattice mismatch at the RG/Si interface provides the
most favorable energetic route for misfit dislocation nucleation. Since all misfit
dislocations required for relaxation can be confined at the interface, the graded layer
thickness can be reduced significantly by using a metastable RG with large residual

strain.

4. A novel SiGe/SiGeC buffer layer for low-dislocation-density strain relaxation of
SiGe

Strain relaxation of SiGe on a novel SiGeC/SiGe superlattice buffer layer has been

demonstrated after annealing at high temperatures, and the key results are summarized as

follows:

a. An 85% relaxed SiGe with TDD of ~10*cm® and a roughness of 1.5 nm has been
grown on a 28 nm SiGeC/SiGe superlattice buffer layer. The TDD is one of the

lowest ever attained on such a thin buffer layer [17,25,53,78].

b. An unusual observation of strain relaxation accompanied by a reduction of TDD has
been observed. HR-TEM study shows the absence of dislocations at the Sig77Geg23/Si
interface and the presence of Sij.yGexCy (with x < 0.23 and y < 0.01) domains in
Sig.77Geg23 matrix. Plan-view TEM observations reveal the formation of pure edge
dislocations from the reaction of 60° misfit dislocations, that consequently result in
the annihilation of threading dislocations. Therefore, strain relaxation with a reduction
of TDD is attributed to the dual-role of SiGeC domains which a) create elastic strain

relief between the SiGeC domains/SiGe matrix and b) assist in the formation of pure
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edge dislocations from reaction of two 60° misfit dislocations that results in TDD

annihilation.

8.2. Future Work

1. Reverse-graded buffer layer

Stemming from this successful preliminary study, the following future work is

recommended to further exploit the advantages of the RG concept:

a. To grow a thin metastable graded layer, we postulate that the amount of initial

mismatch is more important than the grading direction. In other words, if one grows a

Si;.xGex with x = 0.5 and reverse-grade to x = 0.25 or forward-grade to x = 0.75, and

designing the thickness of the graded layer to keep similar residual strain, the strain

relaxation mechanism will be similar to that established in this thesis. This

hypothetical case is illustrated in Figure 8.1 and is the subject of further investigation.
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Figure 8.1. Residual strain plot of a hypothetical case of RG and FG layer with
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It is also postulated that the RG thickness can be further reduced by increasing the
mismatch at the RG/Si interface provided that the amount of residual strain is kept
constant. It would be interesting to verify this postulation by starting with an RG of

higher Ge concentration at the RG/Si interface.

Strained Si, strained SiGe, or strained Ge transistors can be grown on top of the
Si/RG/relaxed SiGe heterostructure. A combination of strained Si and strained Ge
which creates a dual-channel transistor for optimized nMOS and pMOS performance
can also be grown on this heterostructure. Another possibility would be to grow GaAs

on a SiGe RG/Si heterostructure for optical interconnect applications.

A relaxed pure Ge may also be grown on a reverse-graded buffer, which starts at pure
Ge and graded down to Si;.Gey with x = 0.5. The thickness of the RG layer is 30 nm,
corresponding to the metastable thickness of the RG layer, and the thickness of the Ge
layer is 30 nm, which is approximately 10x the critical thickness of pure Ge to ensure
relaxation. It should be noted, however, that the growth condition should be
controlled to avoid strain relaxation by 3D-islanding. One possible way to avoid
islanding is to reduce the compressive strain per unit thickness by reducing the

grading rate. The schematic of this idea is shown in Fig. 8.2.
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Figure 8.2. Proposed RG designs to grow relaxed pure Ge.

d. Moreover, the RG concept also implies that heteroepitaxial growth of any materials
on any substrate can be accomplished by using another material with similar crystal
structure and a larger lattice constant as a buffer layer. For example, one may design
an RG buffer of InGaAs to grow a relaxed GaAs on Si. This approach will simplify
the growth process into a single MOCVD system, rather than a combination of UHV-
CVD and MOCVD usually employed to grow GaAs on forward graded SiGe [155].
This heterostructure could be used for optoelectronics on Si chips or solar cell

applications.

2. SiGeC/SiGe superlattice buffer

Even though the SiC precipitates were not formed as initially predicted, the
validity of the elastic strain relief between domains/matrix concept has been verified. In
principle, if all epitaxial strain can be released elastically by the domains, dislocations

may not be formed and (near) zero dislocation density can be achieved. However, further
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investigations in the following areas are recommended to fully understand the behavior of

the SiGeC/SiGe heterostructure:

a. The mechanism of SiGeC domain formation is not fully understood. One possibility is
that non-homogenous Ge/C diffusion may be related to the strain-field resulting from
the superlattice structure and/or misfit dislocation array. To understand the role of the
superlattice, SiGeC/SiGe superlattices with different thicknesses can be grown,
annealed and investigated by a combination of SIMS and HRTEM. The role of misfit
dislocation arrays can be investigated by growing a SiGeC/SiGe superlattice without
relaxed SiGe cap, thus avoiding the formation of misfit dislocations prior to diffusion.
If the formation of SiGeC domains is independently related to the misfit dislocations,
a complete elastic relaxation can be realized and may result in a lower (or even zero)
dislocation density. For example, the correct thickness ratio between relaxed SiGe and

SiGeC/SiGe buffer layer may result in a total elastic relaxation.

b. The application of the proposed SiGeC/SiGe superlattice buffer layer can be extended
to growth of pure Ge on Si. To avoid dislocation formation at the buffer/Ge interface,

the Ge concentration in the SiGeC/SiGe buffer should be increased closer to pure Ge.

c. Furthermore, the characteristics of the SiGeC domains, such as their shape and
distribution, should be further investigated. If the domains can be distributed
uniformly, they could be used as quantum dots with optoelectronic capability.
Otherwise, the domain array can be used as a template for subsequent deposition and
self-organization of various nanostructure materials leading to optoelectronic or

magnetic devices.
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Appendix 1

Raman penetration depth in Si, Ge, and SiGe

| 4. Probing depth of the laser light

The total scattered light intensity integrated from the surface of the sample to a depth
d, L, is given by [14]:

a4 1.D
I =1 Dfe ™ dx =—=2—(1-¢™** 14
s o (ll 20( € ] ( )

while that from the depth d to infinity is given by

I,= l,DZc"“’dx =12§e*’“ (15)

lo, D and @ are the incident light intensity, the Raman scattering cross section and the
photoabsorption coefficient of the probed material, respectively. If one assumes that
the penetration depth, dp, is given by the depth that satisfies the relationship

Iy =0.1
Ig+1, 16)
then this depth is given by
P In0.1 =E
P 2a 2a ”7)

The values for & were taken from the IMEC spectroscopic ellipsometry library [15], or
from an interpolation of data given in [16] or [17].
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Silicon Si
Crystal structure: cubic, diamond
Space group: Fd3m 0711
Raman frequency:
Mode @g (Rem’) Ref.
LO=TO 521 (N]
Spectrum:
I I A I
1000 |- S ~
= 800 |- .
A
5 600 |~ .
®
£ 400 -~
o J\ -
! } of Y|
450 500 550 600
Raman shift (Rem™")

Probed depth by Raman spectroscopy:

(A in am, o in cm’', depth in nm) [15]

Art laser lines .

A 514.5 15017 496.5 488 4765 472.7 4658 4579
10 e | 1508 {1739 {1819 [2023 2727 [ 3080 | 34.05 | 3666
depth 762|661 632|569 (422 1373 [338 313
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Kr* laser lines
A 179937525 | 676.4 | 647.1 | 568.2 |530.9 | 520.8 |482.5 |476.2 [423.1
10°a_[096 141 (272 (351 (743 1177 1378 2272 2756 663
depth 1:947{3133 4226 3273 1612 977 834 506 417 173
Mechanical stress:
Y pleg’ g/o T/’ Ref.
108£007 | -1.85+0.06 231006 | -0.711002 (18]
Temperature :
Mode | A B C D Ref.
Lo |1.295 0.105 2,96 20.174 | 0-1200K [13]
1.28 0.04 34 . [19]
300-600 K:
X x(T=0) dx/dT Ref.
(cm™) (cm"fl()
A® 527.874 -0.0242 (N]
Aw 528.6 -0.0247 [19]
r 3.1221 0.0102 IN]
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| Germanium Ge |

Crystal structure: cubic, diamond

Space group: Fd3m O'j,

_Raman frequency:
Mode o (Rem') Ref
LO=TO 301 (17
Spectrum:
| 1 ]
300 |~ Ge n -
- 250~ .
=1
8
g 200 — =
g 150 p—~ -
100 — -
l
200 250 300 350 400
Raman shift (Rem™)

Probed depth by Raman spectroscopy: [15]
(A in nm, o in cm”, depth in nm)

Ar* laser lines

A |s145 |501.7 | 4965 488 |476.5 ‘4723 4658 4579
10'a |0 |60z |603 |05 |eos 610 [e12 |614
depth [192 191 1190 19 189 188 (188 187




ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Kr* laser lines _ i _ ; _
A |7993 17525 6764 |647.1 |s682 5309 [ 5208 |4s2.5 4762 4231

10'@ |1 61 98 130 448 57395 607 609 635
Depth | 227 188 117 88 26 20 19 19 19 18

Mechanical stress:
Y ( p-q;lfzmu’ rlagy Ref.
0.89 0.23 -0.87 (23]
Temperature ;
mode A B 0y C D Ref,
LO 0.54 0.06 3064 -1.4 - [19]
300-600 K:
®(T=0) davdT Ref.
{cm’) (cm/K)
Aw 307.1 -0.02 [19]

Similar relations to those reported for polycrystalline and amorphous silicon can be
obtained for Germanium. In particular the average bond angle distortion obeys the
following relationship [66]:

r= l‘,’ + l‘," where

I, =53146p

Here T, is the finite linewidth for the crystalline phonon and T is the linewidth due to
a random variation of the bond-angle. I is two times the half-width at half maximum
at the high frequency side of the peak.
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Silicon-Germanium Si, Ge_

Crystal structure: cubic, diamond

Raman frequency:
The main physical parameters can be obtained from those of Si and Ge by
interpolation,

Mode g (Rem™) Ref.
Si-Si near 500 (24]
Si-Ge near 400
Ge-Ge near 300

The Si-Si peak varies linearly with composition [24, 27):
WSi-Si=520-68x  (cm™)

The Si-Ge peak frequency varies slowly over most of the composition range:
WS;i-Ge= 4005+ 12x (cm’)

Spectrum: sample: 120 nm SiGe on Si substrate, 30% Ge

S5i-5i, 5i-Ge, Ge-Ge: Raman signals from the Si-Ge film

Si: Si Raman signal from the substrate
2500

2000

1500

1000

Intensity (a.u.)

Raman shift (Rem”')
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Probed depth by Raman spectroscopy:
Depending on the composition, the probed depth, d, is between the one for Si and the
one for Ge. A good estimation can be obtained by assuming:

d8iGe= (1-x) dgj + X dGe
Mechanical stress:

A SiGe layer on a Si substrate will be under compressive stress. In such a layer, the
frequency of the Si-Si peak is at a higher frequency than for an unstressed layer. In a
partly relaxed SiGe layer, the frequency of the Si-Si peak will be shified down. The
relation between strain in the layer, €, and peak position is given by [25]:

Awgi.gi em')= -9.32(%)

Grineisen constant of SiGe alloys [26]):

X Y Ge-Ge Y Ge-Si Y Si-Si
1.00 1.12 - -
0.84 1.06 1.20 -
0.78 1.03 1.21
0.46 1.31 - 1.24
0.23 - - 1.10
0.09 - - 1.15
0.00 - . 1.02

Temperature (range 300 to 800 K) [19]:

w(T=0) dw/dT
Mode X {em”) (em'/K)
Si-Si 0.08 5227 0.0239
0.30 5094 -0.0238
041 501.8 -0.0211
0.71 4769 -0.0207
Ge-Si 041 414.1 -0.0215
0.71 4115 -0.0232
0.85 403.7 -0.0259
Ge-Ge 041 2947 -0.0187
0.71 299.5 -0.0210
0.85 303.9 0.0225

Amorphous SiGe [N]: W, =4783-42.1 x

@, =380.8 + 156 x
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