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The relaxation process of ion-implanted strained silicon films and strained Si;«Gey alloys
was studied to determine the magnitude of critical strain necessary for the breakdown of solid
phase epitaxial regrowth in both biaxial tension and compression. Tensile strained silicon layers
50 nm thick were grown via Molecular Beam Epitaxy on relaxed Si;.xGey virtual substrates.
Substrate alloy compositions ranged from 10 to 30% Ge. Compressively strained 50 nm Si; yGey
layers were grown on Si substrate via Chemical Vapor Deposition with Ge compositions ranging
from 16 to 26%. All samples underwent a 5, 12, or 18 keV Si* implant at a fluence of 1x10"
atoms/cm” to generate amorphous layers ~15, 30, or 40 nm thick, confining them within the
strained layers. The regrowth process, defect morphology, and the effect of implant damage
proximity to the Si/SiGe interface was then studied between 500 and 800 °C.

Strain relaxation of the layers post processing was quantified by High-Resolution X-Ray
Diffraction rocking curves and reciprocal space maps. Upon annealing, the solid phase epitaxial
regrowth (SPER) process broke down for the highest level of tensile strain and for all levels of
compressive strain. Additionally, regrowth related defects were observed in the relaxed samples

using cross-section and plan-view Transmission Electron Microscopy (TEM). In tension,
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regrowth related defects were nucleated as the amorphous-crystalline front advanced to the
surface. Once regrowth was complete, the regrowth related defects propagated down to the
strained interface and formed stacking faults which promoted further relaxation. In compression,
the advancing amorphous-crystalline front roughened and nucleated an extended dislocation
network. The density of these dislocations were stable and did not depend on temperature or
duration of anneals.

The results from this study conclude that the SPER process can be achieved without strain
loss or defect nucleation for moderate strain values in tension. However, in compression all

strain levels in this study nucleated defects and exhibited strain relaxation.
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CHAPTER 1
INTRODUCTION

The semiconductor industry, encompassing both silicon and compound materials, has sales
in excess of $200 billion dollars per year. While compound semiconductors, specifically I1I-V
technologies, show superior performance to silicon, silicon still dominates the market due to its
abundance and low manufacturing costs [Mil05]. Decreasing the manufacturing cost to improve
both capability and profit margins has driven the miniaturization of transistor size, which, in
turn, decreases the cost per chip while improving device performance. This trend has doubled
the number of transistors on a chip every 18 to 24 months, following the prediction of Moore’s
Law [Moo65]. Until recently, this trend has been satisfied by decreasing (scaling down) the
transistor in size. The limit of scaling, however, is being approached and other options to
improve device performance must be investigated. One such option is the use of strain
engineering in the channel region of the devices. The limitations of strain technology, though,
and the impact of strain on the individual fabrication steps are not fully understood. These
limitations will be explored in this work.

Motivation

The processing limits of strained silicon technology, which was introduced in the 90 nm
technology node, are of great interest to researchers and industry alike. Strained silicon
technology improves performance by increasing carrier mobility in the channel of the device
through decreases in both the average effective mass and inter-band scattering [Nay96]. Strain
can be introduced using two main approaches, substrate-induced and process-induced. The focus
of this work will be mainly on process-induced strain.

The strain in the P-type Metal Oxide Semiconductor (PMOS) channel is created by using

Si; xGex Source/Drain (S/D) wells. Alternatively, in N-type Metal Oxide Semiconductor
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(NMOS) devices, the strain is induced by silicon nitride overlays forming tensile in the channel
region. Examples of both devices are shown in Figure 1-1. Strain can also be process-induced
via Stress Memorization Techniques (SMT). This utilizes conventional fabrication processing
of amorphizing the S/D region. In the stress memorization process, the activation and
recrystallization anneal is carried out post deposition of a nitride tensile stressor capping layer
over the gate region. During the regrowth process, the stress induced by the nitride capping layer
is “memorized” [Cha05]. The nitride layer is then removed and silicidation is carried out. The
degree of stress is dependent on the thickness of the capping layer; the drive current
improvement can be increased up to 15% by increasing the nitride thickness [Che04]. Also,
because of the simplicity of the SMT and no added etch steps or mask levels it can be easily
incorporated into current Si and Silicon-On-Insulator (SOI) transistor fabrication at low
fabrication cost [Hor05, Sin05, Sin06]. Additionally, in conjunction with other process-induced
strain such as dual-stress liners and SiGe or SiC source-drain regions, the device performance
benefits are additive [Hor05].

Once strained, these device structures must undergo additional processing, in particular the
final activation anneal. Subsequent thermal processing can cause the strain energy in the
heterostructures to decrease and cause strain relaxation by propagation of threading dislocations
and formation of misfits [Koe01, Sam99, Sug01]. Additionally, relaxation can also be caused by
Ge diffusion from the Si;<Gey into the strained region. Ge interdiffusion and ensuing strain
relaxation has shown to be dramatic when the collision cascade of an amorphizing implant
overlaps a Si/ Si;xGey interface [Van05]. In any case, as the level of strain in the structure
decreases due to relaxation and dislocation nucleation, the mobility enhancements provided by

strained silicon technology also decreases. The defects created in the relaxation process also
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decreases device performance by acting as scattering sites. Thus, it is important to understand
the exact response of strained regions due to subsequent processing.
Objective

The effects of performing an amorphizing implant contained within a strained layer have
not yet been studied, nor has the degree of relaxation, regrowth quality, or thermal stability of
such an amorphized region been investigated. These effects may be important for future device
structures, as arsenic and phosphorus, both self-amorphizing implants, are often used to create
channel extensions in NMOS devices. Additionally, any effects may also be important for stress
memorization techniques as they carry out recrystallization of amorphous regions under strain.
The purpose of this work, therefore, is to study the effect of an amorphizing implant contained
within a strained layer as a function of strain, especially concerning the degree of relaxation,
stability after amorphization and recrystallization, crystalline quality of the regrown layer, and
proximity of implant to the heterostructure interface.

Dissertation Organization

The contents of this work are organized into seven chapters and three appendixes. This
chapter, Chapter One, outlines the motivation and objectives of this work as well as provides a
literature review of pertinent topics. Chapter Two provides an overview of material deposition
and characterization techniques utilized to carry out the experiments in this work. The next four
chapters discuss experimental results. Chapters Three and Four discuss the work carried out
under biaxial tensile strain using structures with strained Si on relaxed SiGe virtual substrates.
The third chapter discusses the critical strain necessary for SPER breakdown and the mechanism
of defect nucleation once the critical strain has been met. The experiments in this chapter discuss
results for samples solely implanted with 12 keV Si” implants. The fourth chapter discusses the

effect of the proximity of the implant to the Si/SiGe interface and how the proximity affects
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strain relaxation and defect nucleation. Samples in this chapter were implanted with varying
energies of 5, 12, and 18 keV to alter the implant damage proximity to the Si/SiGe interface.
Chapters Five and Six mirror the previous two chapters with the exception that the implanted
material is under biaxial compressive strain using SiGe on Si structures. Chapter Seven
summarizes the results from all experiments and compares the tensile and compressive cases.
There are three appendices in this work. The first provides a conversion between stress and
strain for the heterostructures used in this work. The second presents the results of using a low
temperature pre-anneal to planarize and relax the a-c interface of implanted samples prior to
regrowth. The third appendix discusses an experiment carried out on the highest strained tensile
and compressive films. In this experiment, the end-of-range damage from conventional beam-
line implants was eliminated with the use of octadecaborane cluster implants to generate
amorphous layers with the strained epilayer.

Background and Literature Review
Ion Implantation

For the past 50 years, ion implantation has been used by the semiconductor industry as the
preferred method for incorporating dopants into silicon. The process offers advantages including
reliability, reproducibility and control of dopant dose and distribution. In this non-equilibrium
process, ions bombard the host lattice and, through nuclear and electronic interactions, lose
energy until they come to rest. This process introduces primary defects consisting of a vacancy
rich region near the surface and an interstitial rich region deeper within the substrate where the
implanted ions come to rest. For the implanted dopants to be electrically active, a high
temperature anneal is required; this process also allows Frenkel pairs, which are interstitial and
vacancy pairs, to recombine. At lower implant doses the host lattice can maintain its integrity

with isolated regions of defects around Rp, the projected range of the incoming ion. However, at
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higher doses when more than 10% of the host atoms are displaced, the implanted region
undergoes a first order crystalline-to-amorphous transition, termed amorphization [Chr81]. The
amorphized region is completely damaged and no periodic lattice exists. The defective region in
this case lies just beyond the amorphous-crystalline (a-c) interface.

Point defects

Point defects are categorized into native defects and impurity related defects. Native
defects exist in the crystalline lattice above the absolute zero temperature. Impurity related
defects arise from the incorporation of foreign atoms as can be the case in ion implantation
processing. There are two types of native point defects: vacancy and interstitial. The simplest of
the point defects is a vacant lattice site normally occupied by an atom, termed a vacancy. An
interstitial is an atom that occupies a site in the lattice that under ordinary circumstance is not
occupied, i.e. a void between host atoms. Diffusion in semiconductors is mediated via point
defects; primarily by either an interstitial mechanism or vacancy mechanism.

Amorphization

Amorphization takes place when a sufficient level of fluence and ion mass has been
reached. Siand Ge atoms are often used to create amorphized regions in Si substrates [Dea73].
The incoming implanted ions and recoil ions from the surface act as point defects within the host
lattice. Upon annealing, these point defect agglomerate into {311} defects and dislocation loops
which are located just beyond the amorphous/crystalline (a/c) interface. These are termed End-
Of-Range (EOR) defects or type II defects [Jon88].

There are some advantages of amorphizing the substrate prior to dopant incorporation. In
particular, boron implants for p-type devices are usually performed after a pre-amorphizing step
to avoid channeling effects. The amorphized region, however, must be then be regrown to

restore the host lattice as well as activate the dopants by placing them in substitutional sites.
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Other dopants, such as arsenic and phosphorus for n-type devices, are self-amorphizing due to
their large size. Regions implanted with these ions will also need to be regrown to restore the
lattice and activate the dopants.

Solid phase epitaxial regrowth

The recrystallization process of an amorphous layer in contact with a crystalline substrate
is termed Solid Phase Epitaxial Regrowth (SPER). This process requires thermal energy for the
rearrangement of the atoms in the amorphous region onto the template provided by the
crystalline substrate. Rearrangement of the atoms begins at the a/c interface and progresses
towards the surface of the material. The regrowth velocity is influenced by and dependent on
temperature [Cse78, Ols88], substrate orientation [Cse78], and type of dopant incorporated
[O1s88]. Typically, SPER in Si commences around 450 °C and proceeds up to temperatures just
below the melting point [Poa84].

Use of a SPER process is advantageous in that it yields more abrupt junctions, less
transient enhanced diffusion effects, and higher activation at a relatively lower temperature.
Disadvantages include poor electrical characteristics of the junction, specifically higher leakage
current [Bul79, Lin03].

Substrate orientation. Several experiments were carried out by Csepregi et al. [Cse76,
Cse78] to study the temperature and substrate orientation dependence of regrowth rate in silicon
substrates. Amorphous layers were created by implantation of Si” ions at energies ranging from
50 to 250 keV. The samples were annealed and growth velocities were measured via
backscattering yield. The growth velocity was found to follow Arrhenius relations and was
dependent on the substrate orientation, as show in Figure 1-2 [Cse78]. The growth rate at all
orientations was found to have identical activation energies of 2.35 eV over the temperature

range of 450-575 °C. Csepregi found that an <100> orientation resulted in the fastest growth
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velocity, <110> growth was approximately three times slower and <111> was the slowest
[Cse78]. He proposed a model to explain the orientation dependence. The model proposed a
bond-breaking mechanism which transferred atoms at the a/c interface to regular lattice sites.
The model also suggested that the transference required at least two nearest-neighboring atoms
to be on regular lattice sites.

Later similar experiments were carried out by Olson et al. using more accurate
measurement techniques [Ols85, OlIs88]. These experiments were carried out by Time Resolved
Reflectivity (TRR) measurements which allowed simultaneous measurement of the amorphous
layer depth. This experiment found the activation energy to be 2.68 eV and is the most accepted
value for SPER in Si.

Extended defects

Extended defects such as dislocations loops, stacking faults and microtwins have been
noted after recrystallization [Cse76]. Dislocation loops were observed beyond the a/c interface
for <100> and <110> oriented substrates whereas microtwins and stacking faults were observed
throughout the regrown layer in the <111> oriented substrates after recrystallization.

End of range defects. End-of Range defects (EOR) defects result after an amorphizing
implant and form just below the a-c interface. These defects consist of {311}s at low thermal
budgets and dislocations loops at higher thermal budgets. EOR defects are extrinsic in character
and have been studied extensively [Cof00, Eag94, Mau94, Pan96]. The main sources of these
defects are transmitted ions that stop below the a-c interface and the recoil of excess interstitials
as a result of ion bombardment. Excess interstitials exist after SPER because they were unable
to undergo Frenkel pair recombination, since the shallower depth of the implant where excess
vacancies reside is amorphized. The evolution of these defects at various annealing temperatures

and under various ambient atmospheres has also been widely studied [Gil99, Liu95]. At
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annealing temperatures below 800 °C, EOR defects coarsen and decrease in density at the
expense of smaller loops through a process called Ostwald ripening [Bon98]. Above 800 °C,
these loops become unstable and dissolve releasing trapped interstitials [Liu95]. The release of
these interstitials may lead to enhanced dopant diffusion, known as Transient Enhanced
Diffusion (TED) which can drive an implanted junction deeper than desired [Cow94, Fah89,
Hof74, Sto95].

Regrowth-related defects. Imperfect regrowth of the amorphous layer leads to the
formation of hairpin dislocations or microtwins, also termed type III defects. Hairpin
dislocations, found in {100} oriented substrates, nucleate when the a/c growth front encounters
misoriented microcrystalline regions and forms a perfect dislocation segment. This segment then
wraps around the misoriented material forming a half loop which consists of the base of the
hairpin. As annealing continues, the hairpin arms diverge as they advance past the microcrystal
regions forming a “V” shape dislocation [San84]. These defects have been shown to be easily
avoidable [Jon88, San84]. On the other hand, microtwin formation is observed in {111} oriented
substrates during amorphous regrowth. Various models have been proposed to explain the
formation of these defects [Cse78, Dro82, Nar82]. Most of these models are based on the bond
arrangements of the different orientations. The formation of two distorted bonds defines the
difference between an atom in the amorphous and crystalline phase. On the {100} surface, an
atom can add anywhere and form two undistorted bonds. However, the {111} surface requires
simultaneous addition of three adjacent atoms. These three atoms can either add in the correct
positions or with a twin orientation, forming a microtwin [Jon88].

Si/SiGe Heterostructures

Heterostructures offers the ability to construct a variety of device configurations and has

become the basis behind bandgap engineering [Cap83]. At first, this field was dominated by III-
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V materials. However, compared to silicon these materials are ten times more costly. The
obvious solution was to apply the benefits of heterostructures junctions to silicon technology
with the use of germanium. The silicon-germanium system offers many advantages such as the
ability to alter strain and bandgap by addition of germanium to silicon. The use of this technique
has opened the SiGe/Si system to be applied to a variety of applications such as photodetectors,
modulation-doped transistors, and heterojunction bipolar transistors. Complimentary metal
oxide semiconductor (CMOS) devices dominate the industry and the use of Si/SiGe to this field
will be the focus of this work.

The use of strained silicon in PMOS devices offers enhanced hole mobility due to a
decrease in the average effective mass and decreased inter-valley scattering [Nay96]. Both
biaxial tensile and longitudinal compressive strain can be used to lift the degeneracy in the
valence band causing it to shift and become light hole like, as illustrated in Figure 1-3 [Tho0O4].
This decreases the hole effective mass thereby, increasing mobility. This can be implemented in
the CMOS flow by the use of epitaxially deposited B-SiGe S/D wells in p-type transistors.
Additionally, in situ boron deposition with SiGe growth allows higher dopant activation without
the need of high temperature activation anneal because B occupies substitutional sites upon
deposition. A higher activation concentration of B also leads to lower contact resistance
[Raa99].

Strained Structures

The Si/SiGe system possesses several attractive properties. First, Ge and Si have similar
properties including crystal structure, atomic size factor, valence, and electronegativity which
allow a complete solid solution to be formed when they are mixed. The phase diagram of Si-Ge
is presented in Figure 1-4. Second, the lattice parameter of SiGe is a function of Ge composition

that shows a slight deviation from the linear function stated in Vegard’s law [Dis64]. Therefore,
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since epitaxial growth of pseudomorphic films causes the lattice constant of the film and
substrate to be in perfect atomic registry, Figure 1-5, a variable amount of strain can be created
in the system by varying the SiGe composition. Biaxial tensile strained silicon is obtained by
using Si;.xGey to serve as a “virtual substrate.” Additionally, by growing Si;xGex on Si
substrates one can grow a biaxial compressive strain material. The maximum mismatch between
the layers is based on the difference between the equilibrium lattice spacing of Si (5.43 A) and
Ge (5.66 A) and has a maximum value of approximately 4.2%. The amount of Si that can be
grown on top of a SiGe virtual substrate or SiGe on Si, however, must be kept below a critical
thickness to prevent relaxation [Mat74, Peo85]. Below this critical thickness, the strain is stored
in the film elastically. Above this thickness, the strain is accommodated by strain-relieving
defects, termed misfit dislocations, causing relaxation.

Misfit Dislocations

The elastic strain which is stored in the pseudomorphic film can cause the formation of
interfacial misfit dislocations, which act to relieve the elastic strain after sufficient annealing or
critical magnitude of strain. The generation, propagation, and velocity of these dislocations
have been studied extensively [Bea87, Dod88, Dod&9, Fri87, Hou91,Hul89, Hul92, Kas75,
Peo85, Tsa87,Van63]. The following sections will summarize the prior work involving misfit
dislocation microstructure, mechanism of strain relief, and calculation of the critical thickness.

Microstructure. Si, Ge, and Si; xGey alloys all have diamond cubic lattice structures in
which dislocations are known to glide primarily on {111} planes. Geometrically, a dislocation
cannot terminate within the bulk of a crystal. Instead, it must terminate upon itself, with another
defect, or at the nearest free surface. Most commonly, misfit dislocations terminate by forming
threading arms that extend to the surface, as shown in Figure 1-6. Misfit dislocations are perfect

dislocations with a Burgers vector of a/2<110>. The dislocations are energetically unstable and
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are hence known to dissociate into Shockley partials [Hir68, Rea53], according to the reaction in
Equation 1-1.

a/2<110> = a/6<1-12> + a/6<211> (1-1)
The Shockley partials (right side of equation) are mutually repulsive and glide away from each
other on the {111} glide plane. This causes formation of a stacking fault. The equilibrium
partial spacing, s,, is determined by the balance of the repulsive energy between the interacting
partials and the energy of the stacking fault. The glide motion on the {111} plane also results in
an angle, 0, between the Burgers vector and the dislocation line direction. For the a/2<110> type
misfit dislocation the angle is 60°, and for the two Shockley partials, 90° and 30°. The lattice-
mismatch stress is resolved differently onto these two partials [Mar87]. Thus, the critical
resolved shear stress is different for each case; the stress is higher on the 90° partial than the 30°
partial. For a case where the (100) interface is under compressive strain, the 30° partial leads and
the 90° partial trails. The trailing partial experiences a greater resolved shear stress than the 30°,
thus, reducing the partial separation, s,, and may result in zero separation. For the tensile case,
the 90° partial leads and the 30° trails, increasing s, to levels which can approach infinity. In this
case, the separation causes the misfit dislocations to consist of 90° a/2<211> type partials, which
leave stacking faults behind as they propagate through the crystal; this has been observed in the
SiGe/Ge (100) system [Weg90].

Nucleation. Misfit dislocation nucleation mechanism in the SiGe/Si system is still debated
among researchers. There are three generic mechanisms for nucleation of misfit dislocations
discussed in literature: homogeneous, heterogeneous, and dislocation multiplication events.

Homogeneous nucleation occurs when intrinsic strain is high enough to allow finite rate of

dislocation loop nucleation within the epilayer, or half-loop nucleation at the free surface. This
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requires higher strains to produce a significant nucleation rate. The earliest calculation of
activation energy for homogeneous dislocation loop nucleation goes back several decades
[Hir68]. For the case of the strained layer, activation energy is the sum of the self energy of the
dislocation loop and the strain energy relaxed by it. For the free surface half-loop, the energy is
a function of loop radius. The activation barrier for half-loop calculated by researcher [Hul89,
Weg90] is about 5 eV at 600 °C for strain values in excess of 0.02 or a 50% Ge.

Heterogeneous nucleation must be considered for lower levels of strain where
homogeneous nucleation is not possible. Heterogeneous nucleation occurs at a local site within
the crystal where strain is higher thus; the probability of dislocation nucleation is higher. Such
sites correspond to defects such as precipitates, grain boundaries, contamination, etc. The
predominant nucleation source can differ within a given material system, growth condition,
and/or growth techniques.

Lastly, dislocation multiplication nucleation is recognized as the dominant nucleation
mechanism at relatively low and high epilayer thicknesses. This type of dislocation nucleation
concept goes back to Frank-Read sources [Hir68] and the first documented source in strained
(Ge/GaAs) layers [Hag78]. In recent years, several works have reported multiplication event in
the SiGe/Si system [AIb9S, Cap92, Tup90]. Typically, the sources for this mechanism require
thick epilayers which translate to relatively low strain. Tuppen et al. [Tup90] used layers with
minimum thickness of 700 nm and strain of 0.005 (Si9s7Geo.13). LeGoues and Mooney’s group
[LeG93, M0094] determined a Frank-Read-like multiplication source activation energy of 4-5
eV for in SiGe/Si layers with Ge concentrations from 5 to 20% and a thickness of 380 nm.

In summary, homogeneous mechanism is thought to dominate at higher strains and

dislocation multiplication at lower strains with greater epilayer thicknesses. For relatively low
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strain and lower thicknesses, only heterogeneous sources are available and misfit dislocations
become nucleation limited. Experimentally, there is still a small collection of misfit nucleation
mechanism data in the SiGe/Si system. A wider range of strain and epilayer thicknesses data is
necessary to fully understand the regime in which each of the nucleation mechanisms occur.

Propagation. The mechanism of misfit propagation in the SiGe/Si heterostructure
systems have been well researched and is accepted to be mediated via dislocation glide.
Dislocation glide in bulk Si and Ge crystals from plastic deformation is also well documented
[Ale68, Far86, Ima83, Pat66]. Pure intrinsic Si and Ge crystals have activation energies of 2.2
and 1.6 eV, respectively, at low stress (up to 100 MPa). The pre-exponential factor for both
materials is the same and thus dislocation glide is much faster in Ge than Si. Additionally, glide
activation energy in SiGe alloys is expected to decrease with increasing Ge while glide velocity
is expected to increase with increasing Ge content.

In addition, dislocation glide in bulk SiGe alloys of low Ge or Si concentrations have been
reported [Yon96, Yon99] and agree with extrapolation of experiment from the elemental
compounds. Comparatively, an activation energy for glide has been documented for a Si7Geo 3
on Si thin film relaxation with a value around 1.1 eV [Hul89, Dod88] and 1.38 eV [Lei01], all
values are lower than the 1.8 eV determined for SiGe bulk material. The lower activation energy
observed in thin film versus bulk materials could be caused by lower formation energy due to the
close proximity of the interface and free surface [Hul89]. Since activation energy is the sum of
the formation and migration energies, it is reduced. An alternative explanation by Hull et al.
[Hul89] to be more likely in their work, is that as the dislocation density and anneals temperature
increases, the propagating dislocations have to cross more and more orthogonal dislocations in a

given length. These intersecting events are observed to impede propagation. Thus, the low
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observed activation energy would be a function of reduced velocity at high temperatures rather
than an enhancement at low temperatures [Hul89].

Dislocation kink model. The Si lattice is periodic and dislocations tend to follow the low
index, low energy “Peierls valleys” of the crystal. Ideally, dislocations are linear; however,
dislocation interactions cause curvature. Two straight dislocation segments in the same glide
plane lying in neighboring Peierls valleys are connected by a kink where the dislocation jumps
the Peierls barrier. Thus, dislocation glide is controlled by the Perierls-Nabaro mechanism, such
that a dislocation can move from one Peierls valley to a neighboring one by nucleation and
migration of kink pairs along the dislocation. Essentially, this results in the kink formation and
migration determining the dislocation velocity [Hir68]. Hirth and Lothe describe a double kink
model based on Perierls-Nabaro mechanism which is the generally accepted model for
dislocation motion in Si/SiGe heterostructures [Hir68]. Furthermore, this model also predicts a
lowering of the activation energy with increased driving stress which has been observed
experimentally.

Critical thickness

Pseudomorphic epilayers are obtained when the thickness of the strained overlay is below
a critical thickness and the atoms are arranged in perfect registry on either side of the
heterostructure interface [Mat74, Peo85]. This prevents performance-degrading and strain
relaxing misfit dislocations with a Burgers vector of a/2 <110> from forming at the interface.
Many researchers have undertaken work to understand the limitations of strained layer
epigrowth.

Previous work has shown that there exists a critical thickness at which no misfit
dislocations are generated and the strain is accommodated completely by the elastic strain

energy. The first to propose a theory for critical thickness for mismatch layers was Van der
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Merwe [Van63]. His theory was based on an energy balance criteria in which the stability is

described by relative energies of two competing interfacial structures. First, the lattice mismatch
is accommodated by elastic strain only and the second, accommodated by both elastic strain and
misfit dislocations. The balance of these two energies can yield a critical thickness. The energy

to generate a dislocation is described in Equation 1-2.

2
Edislocation = LE ln[ﬁj (1 -2)
ar(l—o) A\ b

G is the shear modulus, assumed to be the same in the film and substrate, b is the Burger’s
vector, s is Poisson’s ratio and 2/1 is the dislocation length per unit area of the epilayer. The
energy stored in strained layer is presented in Equation 1-3.

E,.  =Mhe’ (1-3)

strain
Where M is the biaxial elastic modulus of the epilayer, e is the strain and h is the thickness of the
epilayer.

Matthews and Blakeslee based their calculation on the energy balance criteria of Van der
Merwe with one exception. They stated that misfit dislocations are generated through the glide
of threading dislocations from the underlying substrate [Mat74]. Additionally, they made some
assumptions about the two material’s properties: crystal structures are cubic, elastically isotropic
and they both have similar elastic constants. The critical thickness data can, therefore, be applied
to either Si on SiGe or vice versa. Figure 1-7 shows the critical thickness of strained silicon on
SiGe calculated using Matthews-Blakeslee theory which is similar to the SiGe/Si system based
on the material property assumption. These calculations can be applied to silicon on Si;.xGey
according to these assumptions.

For metal films, the theoretical critical thickness agrees well with the predictions of

Matthews-Blakeslee [Kuk83]. This is not the case in semiconductors. Jain et al. [Jai90] offered
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two possible explanations for this discrepancy. The first, due to the lack of resolution of the
measuring technique and the second suggested that equilibrium is not reached under
experimental conditions. These two explanations will be discussed below.

Fritz compared the experimental values of the critical thickness in InGaAs/GaAs and
GeSi/Si systems by photoluminescence and XRD rocking curve measurements [Fri87]. He
found that the critical thickness determined by photoluminescence was in good agreement with
theoretical values, whereas, the XRD rocking curves (sensitivity of 10~ strain) yielded higher
critical values [Bir03]. They also found that relaxation is slow in its initial stage and a high
resolution measurement technique would be needed to measure the onset of relaxation which can
occur as low as 1077 strain.

People and Bean [Peo85] made the first attempt to calculate critical thickness taking into
account the extra strain energy needed to overcome the barrier to relaxation in order to explain
the large observed values of critical thickness experimentally. By equating the strain energy to
the dislocation energy at critical thickness and assuming the dislocation width to be 5b, they
obtained an equation that describes their experimental results well. Their results are plotted in
Figure 1-8 along with the predictions of other theories. Furthermore, it is theorized by many that
the larger observed values are due to non-equilibrium growth carried out at relatively low
temperatures.

Extensive research and various models have been proposed to provide explanation of the
discrepancy in the calculation of the critical thickness [Dod87, Jai90, Kas75, Mat74]. The
discrepancy lies mostly in growth temperature and measurement technique yielding different
critical thicknesses. However, the Matthews-Blakeslee mechanical equilibrium theory is the

most accepted among researchers today.
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Morphology during growth

Different growth modes have been observed during epitaxially film growth of mismatched
materials. Frank Van der Merwe growth consisting of layer by layer growth, Volmer-Weber
consisting of island growth, and Stranski-Krastanov growth consisting of layer then island
growth. Prior work has shown that the type of growth observed is dependent on the relative
interfacial energy and strain energy contributions. In the case, of an epitaxially growth film on a
substrate with mismatched lattice constants such as SiGe on Si or vice versa, the strain in the
film is the given as (as-ar)/ar. An energetic analysis shows the expected instability of the film due
to strain [Sro89]. Consider a step wave surface morphology where the sample is stressed in the
in-plane direction. The change in energy going from the flat surface to the rough morphology is

given by:

AF="2_"2 40y (1.4)

Where E is the elastic modulus, A is the wavelength of wave morphology, c is the amplitude of
the wave, o is in-plane stress, and v is the surface energy. Equation 1.3 shows that forming a
rough surface will lower the overall energy of the system provided that the wavelength, A > 8
yE/o” [Sro89]. This crude estimate by Srolovitz demonstrates why surface roughness is observed
in stressed films.

Thermal stability

The stability of strained silicon epilayers after thermal processing alone has been
investigated by many [Koe01, Sam99, Sug01]. Strain loss has been observed after high thermal
processing, above 950 °C, through threading dislocation propagation and misfit formation. This
relaxation behavior shows both a temperature and time dependence. It also strongly depends on

the initial level of strain set by the thickness of the silicon cap. Additionally, relaxation can be
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caused by Ge diffusion into the strained overlay. Ge diffusion into the strained layer, termed
interdiffusion, becomes significant after 950 °C for 1 hour [SugO1].

SPER and Strain

Since the introduction of strain into the CMOS process, the effect of SPER under strain has
been a great topic of interest. SPER has been used to produce strain by strain memorization
techniques by regrowing the amorphized layer post deposition of a strained capping layer to
“memorize” the strain produced by the cap. Also, strain has been induced by implantation of
high dose Ge or C ions to induce strain by changing the lattice parameter within the projected
range of the implant. This section will discuss previous work conducted using SPER to produce
residual strain within the implanted substrate.

Strained silicon SPER

The effects of an amorphizing implant on strained silicon structures yield more detrimental
results to the strained layers than thermal processing alone. Chilton et al. amorphized a
heterostructure with 33 nm Si on 30-35 nm Si; 4Gey deposited by MBE on a (001) Si substrate.
The structure was amorphized to a depth of 130 nm with a 120 keV As” implant. Coherent
epitaxial growth was observed if the Ge fraction was below x = 0.16, however, at x = 0.29 after a
600 °C anneal the regrown layer exhibited a 75% reduction in strain. The silicon on this now
“relaxed” Sip 60Geo 29 exhibited 15% relaxation. The relaxation was measured using Rutherford
backscattering spectroscopy and no defect density analysis was performed [Chi89]. It is
important to note that no graded buffer layer was used to relax the SiGe layer.

Vandervorst et al. [Van05] implanted arsenic with varying energies of 2 to 15 keV through
a 10 nm Si cap grown on relaxed Sig 73Geo 22 and monitored Ge diffusion using secondary ion
mass spectrometry. He showed that Ge interdiffusion and ensuing strain relaxation was more

dramatic when the collision cascade of an amorphizing implant overlaps the Si/ Si;.xGex
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interface. Therefore, the implant should be contained in the capping layer in order to avoid Ge
redistribution, which can ultimately cause relaxation. Again, the defect microstructure was not
characterized.

Strained silicon germanium SPER

A great deal of work has been performed using structures containing strained silicon
germanium grown on silicon. This section, however, will focus on the stability of these
structures after an amorphizing implant. Pseudomorphic Si;xGey structures with epilayer
thicknesses that exceeded the critical thickness but maintained atomic registry due to non-
equilibrium low-T growth are among the structures that have been studied. Lee and Hong both
studied SPER in metastable Si; 4Gey layers, x < 12 at% [Hon92, Lee93]. The amorphous layer,
in both cases, was generated through the Si;..Ge, /Si interface using Si" implants. Upon
annealing, as the a/c front translated through the interface and the amorphous layer regrew
defect-free until the critical thickness [Mat74] was reached. Beyond this thickness the film
reached an energy state where defects were energetically favorable. The energetically favorable
state caused defects to nucleate and grow within the remaining regrown layer. Paine et al.
conducted similar experiments with germanium compositions up to 17 % [Pai91]. Paine
analyzes the preferred defect configuration using Matthew-Blakeslee [Mat74] and Freund
[Fre87] criteria. He concludes that beyond a critical thickness, the strained crystalline portion of
the alloy can fully relax via stacking fault bounded by a 90° partials.

Some SPER experiments were conducted in nearly stable SiGe layers and conducted
amorphizing implants through the Si/SiGe interface. Rodriguez et al. conducted an experiment
using 30nm CVD grown SiGe with concentrations of 21, 26, and 34% Ge. An amorphous layer
was generated using a 200keV Ge” implant at a fluence of 1x10"° atoms/cm® which extended

through the Si/SiGe layer. Half of the samples were also implanted with B" 5-20 keV at a
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fluence of 7x10" atoms/cm” and annealed at 600 °C. The samples regrew defect free for the
undoped case as follows: 18-20 nm for 21%, 12-15 nm for 26%, and 0 nm for 34%. The doped
samples regrew with a thicker defect free layer than the undoped case, 30 nm, 18-20 nm, and 0
nm for the 21, 26, and 34 % Ge respectively [Rod97]. The defects were in good agreement with
the calculation done by Paine et al. consisting of the 90° partial accompanied with a stacking
fault as described by Paine et al. [Pai91]. During annealing B" is competing for a substitutional
site and thus reduces the overall strain in the material. By decreasing the strain the critical
thickness of the system is increased as observed. Chilton et al. conducted similar experiment
using 30-35 nm SiGe with concentrations ranging from 16-29% [Chi89]. Amorphization was
conducted using 120 keV As” implant. Strain recovered for the lowest case, 16%, however,
coherency was destroyed in the 29% Ge case. Characterization was carried out using RBS and
no finding of the defect microstructure was discussed.

Prior work has also shown instability in the advancing amorphous-crystalline (a-c) front,
mostly under compressive strain. This roughening effect has been observed in compressively
strained Si films [Bar04] and in metastable strained SiGe films [Ang07, Cor96] during SPER and
in high dose Ge" implants into Si to form SiGe [Cri96, E1196]. A defect-free planar a-c interface,
however, has been shown in relaxed SiGe films with up to a 38% Ge concentration [Kri95].
Therefore, the a-c interface morphology is connected to strain and not due to alloying with
germanium. Additionally, Antonell et al. [Ant96] showed that incorporating C into SiGe prior to
amorphization delayed the onset of dislocation formation and promoted planar a-c interface
growth due to strain compensation effects.

Relaxed silicon germanium SPER

Defects. Defects were observed after amorphization and regrowth in some cases with

strained SiGe. However, the relaxed SiGe case is quite different. Relaxed psuedomorphic SiGe
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grown using graded layers on Si substrate was used to study the SPER rate and crystalline
quality post regrowth. In each case, regrowth was observed to be defect-free [Hay95, Kri95a].
A defect-free regrown layer and a planar advancing a-c interface has been shown in relaxed SiGe
films with up to a 38% Ge concentration [El195, Kri95]. Therefore, we concluded that SPER
breakdown observed in the metastable strained SiGe is a strain effect and not a chemical effect.
Velocity. Several researchers have reported SPER rates of strained and unstrained SiGe
with respect to pure Si. Haynes et al. [Hay95] studied SPER rate in unstrained alloys 8 um thick
with germanium compositions varying from 2 to 87%, including pure Si and Ge. Amorphous
layers 300-400 nm thick were produced using Si" implants. For each composition, the measured
SPE rates span two orders of magnitude and are related to the pure elements. The Si-rich alloys
displayed activation energies for SPER higher than pure Si and same to be true for Ge-rich alloys
and pure Ge. The a-c interface of high germanium alloys was confirmed to be planar using
XTEM. Lee at al. [Lee93] measured SPER rates of strained SiGe with germanium composition
of 12%. Rates were measured using Time Resolved Reflectivity (TRR) and real-time
measurements demonstrate SPER rate is not constant over a fixed temperature but varies with the
position of the a-c interface. The activation barrier is higher than pure Si and ranges from 2.94 to
3.11 eV for temperatures between 503 and 603 °C. Paine et al. [Pai91] reported an activation
energy of 3.2 eV independent of germanium using in situ TEM. Structures used in this
experiment were 200 nm SiGe grown via CVD with germanium compositions of 5.4, 11.6, and
17%.

Outstanding Questions

It is important to note that prior experiments observed regrowth related defects for
structures that were thermodynamically metastable with film thicknesses exceeding 200 nm.

Also, most implants carried out were conducted through the Si; xGey /Si interface. Crosby et al.

37



[Cro04], however, has shown that implants conducted through-the-layer and within-the-layer
impact the overall strain state of the material post anneal. Thus, there is a gap in understanding
the effect of SPER within a strained layer vs. through a strained layer and how the proximity of
the a-c to interface to the heterostructure interface affects relaxation. Also, the microstructure
and stability of regrowth related defects have not been well studied. This work aims to
understand the impact of both proximity and strain level on defect nucleation and strain
relaxation. This work also aims to explore the relationship of the critical thickness with defect-

free regrowth under biaxial compressive and tensile strain.
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Figure 1-1. XTEM image of P-type and n-type MOSFET channel [Tho04].
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Figure 1-5. Schematic representation of strained film interface versus a relaxed film interface.
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Figure 1-6. Microstructure of misfit dislocation with threading arms in cross-section.
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CHAPTER 2
EXPERIMENTAL METHODS

The experiments carried out in this work required application of different processing and
growth techniques. A brief description of these techniques will be discussed in this chapter. The
strained films and alloys were grown by Molecular Beam Epitaxy (MBE) and Chemical Vapor
Deposition (CVD) techniques. Post deposition, the strained layers were then implanted and
annealed. The film morphology and strain relaxation post processing and anneal were studied
and characterized using Transmission Electron Microscopy (TEM) and High-Resolution X-Ray
Diffraction (HRXRD) techniques.

Material Processing
Growth Conditions: Strained Si on Relaxed SiGe

The structure with Si in biaxial tensile strain were grown using a Molecular Beam Epitaxy
(MBE) chamber at the University of Aarhus in Denmark. MBE is a deposition technique that
uses a ultra-high vacuum chamber. Material is deposited by heating the solid source until it
evaporates using an electron-beam. The evaporated material then condenses on the substrate,
which spins during deposition to promote uniformity. The chamber walls are cooled with liquid
N to reduce outgassing.

The experimental structures were grown with compositionally graded buffer layers at 750
°C incorporating Ge at a rate of 10 at.% per micrometer on silicon substrates to compositions of
0, 10, 20 and 30 at.% Ge with low threading dislocation densities of 1x10° cm®. A 630 nm thick
fully relaxed SiGe layer of corresponding composition was then grown on top of the buffer layer
at 550 °C, followed by a pseudomorphically strained silicon capping layer 50 nm thick. A
schematic of the multi-layered structure is shown in Figure 2-1. The details of the growth

conditions and threading dislocation density are presented by Gaiduk et al. [Gai00].
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Growth Conditions: Strained SiGe on Si

The structures with SiGe in biaxial compressive strain structures were grown using a
reduced pressure Chemical Vapor Deposition (CVD) chamber at Texas Instruments, Inc.
Specifically, a RP-CVD tool from ASM, the Epsilon 3200, was used to grow all samples. The
gaseous precursors used for silicon and germanium were dichlorosilane and germane. Hydrogen
was used as the carrier gas at a flow of 40 standard liters per minute. The growth was carried out
at 700 °C and a fixed pressure of 10 Torr. Prior to deposition, an HF clean and a pre-bake of
1050 °C 3 minutes was carried out to remove oxide and all contaminants on the wafer surface.
Strained 50 nm Si; \Gex was deposited on Si (001) substrate with alloy compositions of 0, 16, 22,
and 26 at% germanium. A schematic of the structure is shown in Figure 2-2.

Ion Implantation and Annealing

Ion implantation has been used by the semiconductor industry as the preferred method for
incorporating dopants into silicon. The process offers advantages including reliability,
reproducibility and control of dopant dose and distribution. In this non-equilibrium process, ions
bombard the host lattice and, through nuclear and electronic interactions, lose energy until they
come to rest. This process introduces primary defects consisting of a vacancy rich region near
the surface and an interstitial rich region deeper within the substrate where the implanted ions
come to rest. For the implanted dopants to be electrically active, a high temperature anneal is
required; this process also allows Frenkel pairs, which are interstitial and vacancy pairs, to
recombine. At lower implant doses the host lattice can maintain its integrity with isolated
regions of defects around Rp, the projected range of the incoming ion. However, at higher doses
when more than 10% of the host atoms are displaced, the implanted region undergoes a first
order crystalline-to-amorphous transition, termed amorphization [Chr81]. The amorphized

region is completely damaged and no periodic lattice exists. The defective region in this case
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lies just beyond the amorphous-crystalline (a-c) interface. Annealing is required post
implantation to repair the damaged lattice.

All Si” implants were carried out at Axcelis Technologies in Beverly, Massachusetts.
First, the ions are accelerated to a potential of 100 keV before being mass analyzed by a magnet.
The analyzed ions are ejected into the accelerator stage where they are accelerated further. For
energies below 100 keV, the implant is operated in acceleration /deceleration mode. During this
mode, a N stripper gas canal is evacuated such that the ions do not exchange charges while
passing through the accelerator. The ions are accelerated into the terminal potential and then
decelerated. The ions then exit the acceleration stage at the energy desired. The implant energy
used in this work were 5, 12, and 18 keV at a fluence of 1 x 10"*/cm?® which generated
continuous amorphous layers 15, 30, and 40 nm, respectively.

Material Characterization
Transmission Electron Microscopy

Sample preparation. The morphology of the samples was monitored using TEM. Post
implantation and regrowth damage can be determined in three dimensions with the use of plan-
view and cross-sectional sample preparation. In order for the samples to be imaged using the
TEM, it is imperative to polish them to a thickness such that electron transmission occurs (~200
nm).

Plan-view (PTEM) samples were prepared cutting a 3 mm disc from the sample using a
Gatan ultrasonic disc cutter with the aid of SiC cutting slurry. The disc was then thinned down
to approximately 100 micrometers using 15 pum particle size Al,Oj3 slurry on a glass plate. The
implanted side was next coated with paraffin wax and the sample is then mounted on a Teflon
mount termed “Johnny.” The sample was subsequently jet etched with an acid solution

consisting of 25%HF:75% HNO; [Ste07] until a small hole appeared. The sample is removed
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from the Johnny and placed in a beaker filled with heptane left to soak overnight. Heptane is
used to dissolve and remove the wax off the sample. Regions of the sample in proximity of the
hole are electron transparent and can be imaged using TEM. These plan-view samples allow
planar observation of the dislocations and the ability to quantify them.

Cross-sectional (XTEM) samples were prepared using a FEI Strata DB 235 Dual-beam
Focused Ion Beam (FIB). The sample was mounted on a FIB stub using conductive carbon paint
and then coated with 50 nm of puttered carbon film prior to FIB milling. The sample was then
put into the FIB chamber and the chamber pumped down to vacuum. A strip of GIS Pt was
deposited on the area of interest to protect it from beam damage. Two wedges were then milled
on either side of the Pt strip using 5000 pA beam current. The Pt protected area was next thinned
with consecutively smaller beam currents until a final thickness of about 150 nm was achieved.
The sample was extracted using an ex-situ micromanipulator system attached to a light
microscope. Finally, the sample was placed onto a carbon film on a Cu grid array, ready for
imaging. Cross-section TEM analysis primarily allows observation of the depth of the epitaxial
layers and defects.

Imaging conditions. A JEOL 2010F high-resolution transmission electron microscope
(HRTEM) and a JEOL 200CX TEM operating at 200 kV were used to analyze the defects in the
regrown layer. XTEM measurements were used to confirm the amorphous layer depth and layer
thicknesses. PTEM samples were prepared and imaged to quantify dislocation density. TEM is
the only technique that allows analysis to determine if a defect is extrinsic/intrinsic in nature and
determine Burgers vector.

Imaging of the extended defects post implantation using diffraction contrast [Edi75,

Wil96] was employed to determine the position and quantity of the defects. For the implant dose
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used in this study, end-of-range (EOR), also known as type II defects, will form. Also, type III
or regrowth related defects are probable after annealing. Diffraction contrast theory states that
defects are visible if g b x u # 0 where g is the reciprocal lattice vector corresponding to
diffracting plane, b is the Burgers vector for a dislocation, and u is the line direction of the
dislocation. The Burgers vector for dislocation loops in Si are a/2<110> and a/3<111> type, and
for {311} defects it is a/24<116> type. A two-beam bright field (BF) condition with s > 0, s is
deviation from Bragg condition, is used to image the PTEM and XTEM. The g, reflection is
used to image dislocation loops and regrowth related defects in plan-view and cross-section
because the defect contrast is greatest for this reflection. The resolution of the defects was
increased using weak-beam dark field (WBDF) imaging, where the sample is tilted such that s
(deviation from Bragg condition) is large, the planes in most of the specimen is titled away from
Bragg condition. However, as seen in Figure 2-3, the planes near the core of the dislocation are
bent back into Bragg condition to yield contrast [Wil96]. This technique is termed Weak-Beam
Dark-Field (WBDF) and was taken at g.3g condition. This imaging condition was used to image
all PTEM samples in this work.

Regrowth related defect density analysis. PTEM quantification was carried out to obtain
dislocation density in both Strained Si and Strained SiGe samples. Strained Si samples exhibited
misfit dislocations that span in the <110> direction and Strained SiGe samples exhibited
dislocation networks in the form of a large connected array rather than individual dislocations.
In order to quantify both types of dislocations in a similar manner, a linear (rather than area)
quantity was measured.

PTEM images were taken under g.3g WBDF mode. Each sample was imaged ten times in

different areas of the specimen, in order to get a good statistical account of the defect density.
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Each sample condition was taken at the same magnification of 20,000X, 50,000X, 100,000X, or
150,000X, depending on the density of the dislocations. The images were printed out on 8 x 10
inch sheets. For the strained Si samples, a ruler was placed in the <110> directions, both parallel
and perpendicular to the g vector, the number of defects intersecting the ruler was counted over a
length and recorded. This was done for all ten images. Each of the ten micrographs was counted
three times to include variation within a single micrograph. The average of these 30
observations was used to calculate the value of linear defect density for each sample condition.
Error bars equal to one standard deviation for all observations was applied to each data point.
For the strained SiGe samples, the measurements were taken perpendicular to the g vector. The
dislocation network was imaged using g» and the images show a stronger linear alignment
along one direction. A ruler was placed perpendicular to this direction and the number of defects
intersected with the ruler was then counted per unit length. The results and error bars were
determined in similar manner as for the strained Si samples. For clarification, it should be noted
that the defect density quantified for the strained Si was misfit dislocations while the strained
SiGe the defects were regrowth related defects. The misfit dislocations in the strained SiGe were
not visible due to the high density of regrowth related defects. This is discussed further in
Chapter Five.

Trapped interstitial concentration analysis. PTEM were used to image end of ranges
defects consisting of dislocation loop and {311}s. The trapped interstitials content in both of
these defects can be quantified by the following method. First, the quantification of the
dislocation loops will be discussed followed by the {311} defects.

End-of-range loops are most commonly images using WBDF g5,y imaging mode. The

images were taken at 150,000X and printed on 8 x 10 inch sheets. A grid consisting of 0.5 cm
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squares were printed out on a transparency and used to determine the area fraction of loops. This
transparency was superimposed onto the printed out image and used to count the defect. The
number of nodes that intersect a loop were counted and divided by the total number of nodes to
yield an area fraction occupied by individual loops. The area fraction is then multiplied by the
planar atomic density of the {111} plane (~1.5x10'° atoms/cm?) will give the concentration of
trapped interstitials in (atoms/cm?) bound by dislocation loops. The error of this measurement
can be reduced by using finer grid size and choosing multiple areas and averaging the
concentration of loops. Three areas per sample were counted and determined to have a 10%
error within a sample set.

Next, the {311} defects are counted in a different manner. Again, the g0 WBDF
condition was used to image the PTEMs. However, some families of these defects will be
invisible for g parallel to their length. Only using the gy reflection will lead to lower defect
count and higher error in calculation roughly 30%. The images were taken at 150,000X and
printed out on 8 x 10 inch sheets. A transparency was placed over the image and the length of
the {311} was traced with a fine-tipped marker. Note that the {311}s parallel to the sample
surface are actual length and the {311} s that are not parallel are projected lengths (45° to the
surface). The length of the defects that are not parallel to the surface will be multiplied by 1.4
and then added to the rest to yield total length of interstitials in the sampling area. Assuming 26
atoms per nm of the {311}s, the total number of trapped interstitials/cm” can be determined. The
total trapped interstitial concentration in this work is the sum of both dislocation loops and
{311}s. Note that there were no end-of-range defects observed in the strained SiGe samples.

Therefore, this calculation was only done for the strained Si samples.
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X-Ray Diffraction

X-Ray diffraction (XRD) is a versatile, non-destructive analytical technique used to study
crystallographic properties, chemical composition, and physical properties of thin film and bulk
materials. XRD was used in this work to monitor the change in strain magnitude post
processing.

The strained layers in this work are pseudomorphically grown with the substrate lattice
continuing into the thin film. This continuation of substrate lattice parameter into the film
(different equilibrium lattice parameter) is associated with incorporation of strain into the film
layer. A measure for strain in the material is the difference in lattice parameter of the layer and
substrate. The adaptation of the layer’s lattice parameter to match the parameter of the substrate
will cause a tetragonal distortion in the film unit cell. The layer unit cell extends or shrinks from
its original value of a.. to aLin the out-of-plane direction and ar to a|| in the in-plane direction,
depending on whether a; is larger or smaller than as, as shown in Figure 2-4. The degree of
relaxation of the film is described by Equation 2-1.

Strain Relaxation = (a||- as)/ (ar - as) (2-1)

Bragg’s Law. In XRD, diffraction of the beam occurs when Bragg’s Law is satisfied.
Bragg’s Law states that parallel planes with a distance of d will constructively interfere when the
distance traveled is equal to n times the x-ray’s wavelength, this relationship is presented in
Equation 2-2.

nA = 2d sin 0 (2-2)
A substrate containing epitaxial layers will result in additional peaks corresponding to the
difference in lattice parameter to the substrate. The positions of these peaks are used to

determine the d spacing for the layer and substrate. The lattice parameter can then be calculated
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using the relation of d spacing to lattice parameter, a, shown by Equation 2-3. The miller index
of the reflection is h, k, and 1.

dua = aN(h? + K + 1) (2-3)
The degree of relaxation can be calculated using the relationship shown in Equation 2-1. The
quantified strain relaxation in the proceeding chapters are always made with reference to the as-
grown state of the sample and not the theoretical strain state. Most of the materials were
partially relaxed with misfit dislocation linear density of 5 x 10*/cm equal to less than 1% strain
relaxation as received.

Instrument and setup. A Pananalytical MRD X’Pert was used to obtain rocking curves
and reciprocal space maps. Previous studies have also employed rocking curves to study the
strain relaxation observed in the strained silicon capping layer using pseudomorphic Si/ Si;Gey
structures [Cro04, Phe05] and strained SiGe on Si [Few82, Mat91]. XRD rocking curves and
reciprocal space maps scan across a range of ®/20 angles and report the angle where diffraction
occurs, called the Bragg angles.

The x-rays have a wavelength of 1.54 A (Cukq transition) and are directed through a series
of (220) Ge crystals to produce a monochromatic beam. The incident angle of the x-ray to the
sample is ® and the diffracted beam is 20 relative to the incident beam. For both rocking curves
and space maps, the Hybrid Mirror is used as the primary optic. It gives the best resolution and
monochromates the beam such that only Cu K radiation is used. Only single crystals will give
any detectable intensity using this setup. For the strained Si sample measurement, the secondary
optics used were the rocking curve attachment with the triple axis. The triple axis mode places a
channel cut germanium analyzer crystal before the detector. Under this configuration, the

diffracted beam undergoes three (022) reflections before entering the detector. The acceptance
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angle of the germanium analyzer crystal is 12 arcseconds. For the strained SiGe samples
measurement, the secondary optics consisted of the open detector of the rocking curve
attachment and the brass slit.

Rocking curves. Rocking curves (RC) are acquired by rocking the sample through the
incident angle, o, while moving the detector, 20. Doing so allows the diffracted peaks of the
substrate and film to be distinguished. The peak positions and intensity are dependent on the
material’s composition, crystalline quality, and thickness. The peak width is broadened by
imperfections in the crystal such as faults and defects. Thus, the peak width can account for the
film thickness in the case of a pseudomorphic layer. The peak width is observed to decrease
with increasing thickness. Additionally, for very thin layers fringing is observed to the left and
right of the main peak. The fringing is due to x-ray interference reflected from surface of the
film and the substrate-film interface. The distance of the fringes can also be used to determine
the layer thickness and were observed in the strained SiGe samples. These fringes can be
washed out if crystalline disorder associated with faults, dislocations, or surface roughness
exceeds a critical level. The thickness, Ge concentration, and roughness of the layers can be
simulated using the Epitaxy software designed for the X’Pert system. To simulate these
parameters accurately, the degree of relaxation of the film must be known and measured using a
different technique.

Q scattering vector. The XRD scans are presented in terms of scattering vectors, Q. A
symmetric 0/260 scan, rocking curve scan, and radial scan is represented in Figure 2-5. The
symmetric 6/20 scan only has a nonzero component for the scattering vector normal to the
substrate surface. A rocking curve, however, also has nonzero in-plane component, Qy, for all ®

angular positions except when o =26/2. The last scan type, radial scan, the Q vector has the
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same tilt with respect to the sample surface during the entire measurement. It is sometimes
convenient to report analysis in Q vector notation because it is more directly translatable for
comparison with other measurement methods. The relation between instrumental coordinates, ®
and 20, and the scattering vectors, Qx and Qz, is presented in Equation 2-4.

Qx =K [cos(0 - ®) - cos(0+ w)]
Q,=K [sin(0 - ®) + sin(6 + )] (2-4)

The Q notation and the reciprocal space map combined in one plot is shown in Figure 2-6.
The region that is accessible for data collection can be represented by a hemisphere in Q space
having -2K < Qx < 2K and 0 < Q, < 2K and obeying Qx2 + QZ2 <4K>. The region of reflection is
divided from region of transmission by two smaller hemispheres of radius K (shaded in gray)
that are centered at Q= - K and K. These two gray areas cannot be accessed because they lie in
the transmission region. In this figure there are point labeled by the Miller indices of the Bragg
reflections that are observed for the alignment of Si (001). The 001 reflections are allowed and
occur along the Qz axis and can be measured only with a symmetric 6/20 scan. This
combination plot can be generated for any substrate with orientation (/k/) using the instrument
software. The set of Miller indices that are observed will depend on both the substrate
orientation (4k/) and the direction of alignment of the sample with the x axis of the
diffractometer.

Reciprocal space map. Reciprocal Space Maps (RSM) was used for samples with lower
film peak intensities such that the peak position from the substrate can be distinguished. RSM
are subsequent /260 rocking curves over a range of ® angles or subsequent radial scans,
presented in Figure 2-7. The RSM obtained in this study were from subsequent rocking curves.
RSM is performed such that the investigated Bragg reflection is fully mapped in Q space. In

other words, it is not only monitored by one rocking curve crossing it rather the entire vicinity of
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the Bragg reflection is measured. RSM can provide further structural information of epilayers
than a rocking curve alone. RSM measurements were preferred over RC for the asymmetric
reflections for the strained Si samples for two main reasons. First, the X-ray intensities for the
strained peak post processing were too low to determine the exact position of the peak. Second,
if relaxation process also induced some tilt or twist within the layer, the position of the strained
layer peak will no longer be accessible using RC. The RC measurements are aligned to the
substrate peak due to its high intensity and known Bragg reflection position. If the layer does
undergo some change in twist or tilt angle, the direction of elongation of Bragg reflection will
also change in reciprocal space with respect to the substrate and may not lie in the area of the RC
measurement.

The RSM are generally plotted in terms of the scattering vector, Q. An example of a RSM
plot, presented in Figure 2-8, shows the position of the layer with respect to the substrate in
terms of the layer being in a fully strained or fully relaxed state. One can draw a line between
the fully strained (R=0) and fully relaxed (R=1) peak positions, this line is called the Relaxation
line. The layer will appear within the area of this line depending on the degree of relaxation
observed. The percent strain relaxation observed by the layer can also be determined by the
position of the peak within the relaxation line by taking the ratio of the change in position from
fully strained over the full length of the relaxation line. The as-grown (113) RSM for Si on
Sip7Gey 3 1s presented in Figure 2-9. The figure indicates the position of each layer’s peak. The
out-of-plane lattice misfit appears as a peak separation between the layer and substrate along Q.
and the in-plane lattice misfit is measured along Qx [Pie04]. Thus, the strained film is fully

strained when the strained Si and relaxed SiGe peak are aligned vertically, as indicated by the
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vertical line. Strain relaxation post processing is observed by movement of the strained Si peak
towards the Si substrate peak.

Errors. The errors associated with X-ray measurement are dependent on the user,
measurement step size, peak broadening and variation within the wafer. Before acquiring any
data, all axes of the instrument must be aligned, usually to the substrate peak or sample surface.
One can introduce a large error if the instrument is misaligned. This is especially true for
measurements during an absolute scan. However, the RC and RSM measurements are relative
scans. The RSM and RC measurements carried out used the Si substrate Bragg position as
reference and all axes of the instrument were aligned to it. Thus, the epilayers were always
measured relative to the Si substrate peak. The error of measurement due to user variability and
alignment variations were tested. The variation between users was less than 1% Ge which
roughly translates to a 0.03% strain relaxation error. The error introduced by the step size for the
RSM measurement was less than 0.5% strain relaxation. Another error to consider is the
determination of the peak position when the peaks are relative broad. Thus, the degree of
relaxation was also measured by average misfit spacing using PTEM micrographs, discussed in
Chapter Three, and compared to the XRD measurements. There exists a ~1% strain relaxation
difference between the two measurement techniques. Additionally, there was a 0.5% Ge
distribution across the wafer which was also considered. Finally, taking all the errors into
considering an error of +2% strain relaxation was estimated for the XRD measurements.

Sensitivity of measurement. Epitaxial thin films exhibit a high degree of crystalline
perfection. However, deviations from a perfect crystalline lattice do occur and the sensitivity of
the measurement of this deviation is the focus of this section. In order for accurate measurement

of closely spaced peaks that occur in the diffraction of epilayer-substrate materials, special
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experimental equipment must be introduced. Crystal monochromators and analyzers have to be
introduced in the beam path which allow selection of x-rays that are only Bragg reflected from a
single crystal or a set of them. Figure 2-10 clearly shows the need for achieving higher
resolution to investigate thin films used in electronics [Bar83]. The highest resolution possible
for the measurement setup used in this work is 10™ for measured d-spacings. However, for onset
of relaxation to be measured a sensitivity of 107 is needed. Therefore, it should be noted that X-
ray measurement cannot determine very low changes in strain relaxation nor can it be used to

determine the onset of relaxation.
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Figure 2-1. Schematic representation of biaxial tensile strain structure used in this work.
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Figure 2-2. Schematic representation biaxial compressive strain structure used in this work.
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Figure 2-3. Principle behind weak beam dark field imaging technique in TEM for an edge
dislocation. High intensity occurs close to dislocation core because planes are bent
back to Bragg condition [Wil96].
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Figure 2-4. Strained (left) and relaxed (right) layers for film layer in compression (top) and in
tension (bottom) [Bir03].
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Figure 2-5. Schematic representation of (a) symmetric 6/20 scan, (b) rocking curve scan and (c)
radian scan in plane of momentum transfer [Bir03].

65



Bragg peak
positions

Figure 2-6. Combined plot of Qx,Qz plane and position of Bragg peaks for an epitaxial film on
Si (001) substrate [Bir03].
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Figure 2-7. Two ways by which reciprocal space maps may be recorded are by either (a)
subsequent rocking curves or (b) subsequent radial scans [Bir03].
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Figure 2-8. Representation of a reciprocal space map shows the relative positions of the layer
with respect to the substrate for fully strained and completely relaxed system in
reciprocal space [Pie04].
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Figure 2-9. (113) Reciprocal space map of as-grown Si on Sij7Gey 3 indicating the location of
each peak.
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CHAPTER 3
TENSILE STRAIN: DEFECT NUCLEATION AND TEMPERATURE DEPENDENCE

Strained silicon technology offers enhanced hole mobility due to a decrease in the average
effective mass and decreased inter-valley scattering [Nay96]. Strain can be induced in a Si
capping layer through lattice mismatch between a Si; yGey virtual substrate and the silicon film,
provided the strained overlay is grown less than the critical thickness [Peo85]. Obeying this
criterion, the interface will be in perfect atomic registry and maximum strain will be present.
After thermal processing, however, the strain energy in some heterostructures can decrease
through strain relaxation via the propagation of threading dislocations and formation of misfits
[KoeO1, Sam99, and Sug01]. Additionally, relaxation can also be caused by Ge diffusion into
the strained overlay during thermal processing. While numerous studies have reported results on
silicon recrystallization and regrowth in Si; Gey and Si bulk systems [Atz94, Pai91, Sug04], the
stability of strained silicon after amorphization and recrystallization is not well understood. Ge
interdiffusion and ensuing strain relaxation has been shown to be especially dramatic when the
collision cascade of an amorphizing implant overlaps the Si/Si;.xGey interface. Previous studies
suggest that the implantation through the heterostructure interface process creates point defects
which act as nucleation sites for relaxation-induced dislocations and/or may assist Ge
interdiffusion by an interstitial mediated mechanism [Van05].

The behavior of strained structures where the implant is constrained within the strained
layer, however, is not well known. This experiment focuses on determining the stability and
degree of relaxation after amorphization and recrystallization within a strained silicon layer.
This knowledge will assist in defining the process window for Stress Memorization Technique

(SMT) and other process-induced strain applications.

71



Several variables are likely to affect the degree of strain relaxation. Some of these
variables include point defect population, initial strain, critical strain for enhanced strain
relaxation, and proximity of point defects to heterostructure interface. This chapter will discuss
the effect of initial strain and point defect population on strain relaxation. The next chapter will
discuss the effect of implant proximity to the heterostructure interface on relaxation.

The experiments in this chapter will determine if there is a critical strain for Solid Phase
Epitaxial Regrowth (SPER) breakdown and, if so, by what mechanism. The primary concern
centers on the effect of the EOR on the relaxation process. Thus, an isochronal study was carried
out at a temperature at which the evolution of excess interstitials into dislocation loops was
sampled. By monitoring the quantity of EOR damage in the strained vs. unstrained layers and
corroborating the measurement with the relaxation defects known as misfits the role of the
extended defects on strain relaxation could be understood. Second, how any defects present
were nucleated. Finally, the thermal behavior of the dislocations was explored.

Experimental Design

Strained Si structures were grown on relaxed Si;.xGey (Ge fractions of 0, 10, 20, and 30)
virtual substrates via Molecular Beam Epitaxy (MBE) at the University of Aarhus, Denmark.
100mm 0.005-0.020 ohm-cm (100) n-type Czochralski-grown silicon wafers were used for
substrate wafers. Virtual substrates with low threading dislocation densities were grown with
compositionally graded buffer layers which incorporated Ge at a rate of 10 at.% per micrometer
at temperatures of 750 °C to 800 °C [Fit91]. A 630 nm thick fully relaxed Si; xGey layer of
corresponding composition was then grown on top of the buffer layer, followed by a 50 nm
strained silicon capping layer. The strain of the structures was experimentally determined using
the in-plane lattice parameters, as;.cap and ag;ce, obtained from HRXRD. The change of strain is

reported in terms of % strain relaxation, obtained by the relationship in Equation 3-1.
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% Strain Relaxation = (asi_cap — asiGe)/ asi — asige X 100% (3-1)
The silicon results from this analysis show that the capping layers grown on Si;xGex with Ge
fractions of 0, 10, 20 and 30 correspond to a Si layer strain of 0, 0.37, 0.74, and 1.1% strain,
respectively. XTEM analysis was also used in order to verify proper growth of strained films.

The structures were then implanted with Si* at an energy of 12 keV and a fluence of 1x10"
atoms/cm” to generate a 30 nm continuous amorphous layer confined within the strained layer.
Next, isothermal and isochronal anneals were performed in a quartz-tube furnace under an inert
N, ambient environment. Three experiments were designed to study specific factors that may
affect the relaxation process.

The first experiment consisted of 30 minute isochronal anneals performed at 500, 650, and
800 °C and isothermal anneals at 800 °C for 5, 30 and 300 minutes. In implanted Si, the
supersaturation of interstitials leads to the evolution and agglomeration of extended defects when
annealed above 650 °C. This experiment studied the effect of the evolution of these extended
defects within a strained structure. This experiment was also used to determine the critical strain
necessary for breakdown of SPER.

The second experiment consisted of an isothermal study at 500 °C which was performed to
investigate defect nucleation and propagation in the strained film during the regrowth process.
Anneal times for this study were 15, 30, and 45 minutes. For these times and temperature, the
regrowth velocity was slow enough that the amorphous-crystalline (a-c) interface could be
captured before complete regrowth had taken place. This allowed observation of defects as they
nucleated and grew with the use of XTEM and PTEM.

The third experiment consisted of a 30 minute isochronal study to investigate the thermal

behavior of the relaxation process and how it compared to bulk processes. Temperatures of 500,
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575, 650, 725 and 800 °C were used for this experiment. The highest strained sample, 30% Ge,
was used in this isochronal study as it would show the maximum effect, if any.

For all experiments, a Pananalytical MRD X’Pert was used to obtain HRXRD rocking
curves and reciprocal space maps to study the strain relaxation. Previous studies have also
employed rocking curves to study the strain relaxation observed in the strained silicon capping
layer using pseudomorphic Si/ Si;.xGey structures [Cro04, Phe05]. However, further
investigation determined space maps to be a preferable technique for the measurement of
annealed samples. Reciprocal Space Map (RSM)s are compilations of rocking curves taken at a
range of ® positions to create a 2D map of intensity in the vicinity of the Bragg reflection. The
RSMs allows the observation of very low intensity peaks from the strained silicon layer that
rocking curves do not clearly obtain. Using these maps, the relaxation of the layer can be directly
observed by monitoring the shift of the strained silicon peak toward the silicon substrate.
Additionally, the crystalline integrity of the layer can also be monitored by observing any
broadening of the peak that would indicate a disordered or defected layer [Pie04]. Therefore,
space maps are preferred for multilayered structures because the lattice parameters can be
obtained from peak position and the degree of relaxation obtained directly from the relaxation
line (refer to Chapter Two).

A JEOL 2010F high-resolution transmission electron microscope (HRTEM) and a JEOL
200CX TEM were used to study cross-sections of the regrown layers (XTEM). Samples for
XTEM were prepared using a Dual-Beam FEI Strata DB 235 Focused Ion Beam. XTEM
measurements were used to confirm the amorphous layer depth and layer thicknesses as well as

identify defects present. Plan-view (PTEM) samples were also prepared and imaged using a
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JEOL 200CX operating at 200kV using g»o weak-beam dark-field imaging to quantify
dislocation density and type.
Results and Discussion

As-Grown and As-Implanted Sample Analysis

The HRXRD (004) rocking curves for the as-grown structures are shown in Figure 3-1.
The position of the diffraction peak depends on Ge composition and strain relaxation in the layer.
The strained silicon peak appears on the right of the high intensity silicon peak and the relaxed
Si; xGey is to the left. The plateau between the Si and the relaxed Si;<Gey peaks is caused by the
superposition of peaks from the compositionally graded buffer layer. The HRXRD results
obtained indicate proper growth and strain levels for the heterostructures. However, PTEM
investigation observed the presence of misfit dislocations corresponding to a relaxation of less
than 0.01% strain, for all as-grown sample conditions. Therefore, the samples are only partially
pseudomorphic. The strain relaxation observed in these as-grown samples, however, is below
the detection limit of the X-Ray measurement technique and was not accurately measured using
X-Ray methods [Bir03]. The sensitivity of the XRD measurements is discussed in Chapter Two.
Note that the initial strain magnitude of the as-grown samples was used as reference to calculate
the relative degree of relaxation post annealing and implantation.

As-Implanted Sample Analysis

All samples discussed in this chapter were implanted with a 12 keV Si" implant at a
fluence of 1x10" atoms/cm’. The implant was tailored to generate a continuous amorphous
region confined within the strained layer as shown in Figure 3-2. XTEM of as-implanted Si on
SiGe and Si control samples confirmed that amorphous depth did not vary with %Ge for this
implant condition. The amorphous depths were within + 1 nm for all samples within the error of

XTEM measurement.
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Critical Strain: SPER Breakdown Study

The relaxation behavior of all strained samples implanted with 12keV Si~ was studied
using a series of 30 minute isochronal anneals at 500, 650, and 800 °C and isothermal anneals at
800 °C. This experiment was used to determine the critical strain necessary for breakdown and
the thermal behavior of relaxation (if observed).

The thermal stability of the highest strained as-grown (not implanted) Sip7Geg 3 structure
was studied by subjecting samples to a 500 or 800 °C anneal for 30 minutes. In both cases, no
strain relaxation was observed. This result is in agreement with previously reported results
[KoeO1, Sam99, Sug01]. However, post-implantation and anneal, relaxation is observed for the
highest strain structure as observed in the rocking curve spectra. Figure 3-3 shows a sequence of
rocking curves for the as-grown, as-grown annealed and implanted annealed sequence for the
Sig7Gey 3 structure at 500 °C. Note that the rocking curves for the strained silicon peak post-
implant and anneal have a weak signal, therefore, samples were further investigated with
reciprocal space maps. The reciprocal space maps confirm that the rocking curves were only
collecting the shoulder of the peak, or in the asymmetrical geometry cases, not collecting it at all.
This is shown in the reciprocal space map in Figure 3-4, where the strain silicon peak is not in
the area of the rocking curve and therefore gives a poor signal. Accordingly, lattice parameters
were extracted from the peaks on the reciprocal space maps using Bragg’s Law. From these
lattice parameters, the percent relaxation is calculated and is shown in Figure 3-5.

The SipoGeo; and SipsGep, samples showed 100% retention of the original strain for all
thermal conditions. However, after the 500 °C anneal the Sij;Gej 3 sample showed partial
relaxation in the (224) map and no relaxation in the (113) map. Thus, this observation indicates
that the relaxation process is not homogeneous at 500 °C. The average between these results was

taken to calculate the percent relaxation. The PTEM analysis of the highest strained sample
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(Si9.7Geo 3) showed regrowth related defects as well as confirming the results from HRXRD.
After the 650 and 800 °C anneals, the Sij7Geo 3 samples showed a clear trend of higher anneal
temperatures yielding a higher degree of relaxation. The strained silicon peak also broadened
significantly with higher temperature anneals indicating higher defect density.

The crystalline quality of the regrown layer was further studied using XTEM. After the
500 °C 30 minute anneal it was found that 10 nm of amorphous material remained in the strained
layer. This may have attributed to the varying results in the (113) and (224) reciprocal space
maps for the Sip;Gey 3 sample. An assessment of a fully regrown layer at 500 °C would give a
better indication of its true degree of relaxation. After the 650 and 800 °C anneals, the TEM
micrographs indicate a fully regrown layer for all samples. XTEM analysis for all conditions of
the Sip9Geo; and SigsGey, samples show that the regrown layer was of good crystalline quality.
This confirms the HRXRD results. However, the Siy7Ge 3 samples show defects as a result of
relaxation and SPER breakdown. The XTEM images, taken under g0 WBDF condition, and
PTEM images taken at g9 BF for the SigoGeo; and SipgGeo, sample and WBDF for the 30%
Ge sample are shown in Figure 3-6. All samples were annealed at 650 °C for 30 minutes. Note
that the PTEM magnification for the Sij7Geo 3 sample is different than the other samples to better
show defect morphology (refer to scale bars). The Sip9Gep and SigsGeo, samples exhibit misfit
dislocations (as seen in the as-grown and anneal alone, not shown) in plan-view and a defect-free
regrown layer in cross-section. The Sip7Gey 3 sample, however, shows the regrown layer full of
defects which, using PTEM analysis, appear to be stacking faults. The XTEM micrograph show
that these stacking faults extend between the surface and the heterostructure interface.

PTEM was used to study the strain relieving defects, specifically misfit dislocations, for

both un-implanted and implanted samples post annealing to differentiate between the thermal
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and implant contributions to relaxation. PTEM images, taken under g», bright field, of the as-
grown, as-grown anneal, and implant plus anneal samples are presented in Figure 3-7. The
corresponding linear misfit dislocation densities are presented in Figure 3-8. The 10 and 20% Ge
samples exhibit similar misfit dislocation densities for both the anneal only case and the implant
plus anneal case. However, after implant plus anneal, the 30% Ge sample displayed misfit
dislocation spacing much smaller than the equivalent anneal only case, this concludes that further
relaxation took place after ion implantation. Upon relaxation, stacking faults are also observed
in conjunction with an increase in misfit dislocations indicating further strain relaxation of the
strained film than annealing alone. The nucleation of these defects will be discussed in the next
section.

XRD/TEM discrepancy. Comparing the HRXRD results to the PTEM quantitative
results for the anneal case only, a relative difference of 1-2 % relaxation is observed. Further
analysis of these results sheds light on the cause of this discrepancy. The quantitative relaxation
observed via HRXRD is shown in Figure 3-9. These results can be compared to the relaxation
quantified using misfit spacing from PTEM analysis in Figure 3-8. The relaxation observed via
PTEM is on the order of 1-2% of the initial strain for all samples after anneal only. The relative
discrepancy between the HRXRD and the PTEM misfit spacing calculations are explained by
both the manner in which these defects affect the X-ray spectra and relative sampling area. The
quantitative HRXRD results in this work are calculated using the relative peak positions of the
SiGe and strained Si peaks. Additionally, the presence of misfit dislocations may also be
observed in the spectra via broadening of the peak which was observed for all annealed samples.
Due to excessive peak broadening from the presence of misfit dislocations an additional margin

of error is introduced into the HRXRD measurement technique. Also, the sampling area of the
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PTEM and HRXRD differ greatly. The HRXRD results are an average of the lattice spacing
over a cm’ range whereas the PTEM results are site specific (a few um?®). Thus, PTEM results
are more susceptible to local variations in the wafer. Therefore, it should be noted that even
though the HRXRD measurements indicate no relaxation, all samples undergo ~ 1-2% strain
relaxation of the initial strain after annealing only. Additionally, for the 10 and 20% Ge samples
post implant and anneal, the relaxation observed is also on the order of 1-2% decrease in strain.
Thus, implantation related relaxation cannot be concluded to have occurred. The results from
both TEM and HRXRD, however, conclude that the strain relaxation observed for the 30%
sample is much greater than 1-2% of the initial value and is hence due to the break down of
SPER via nucleation of stacking faults and a related increase in misfit dislocation density.
Furthermore, by comparing the quantitative analysis of both techniques in Figures 3-8 and 3-9
similar trends between defect density and degree of strain relaxation is observed.

EOR evolution in the presence of tension. Further analysis of the PTEM samples at
higher magnification indicates the presence of EOR damage in the strained samples similar to
that seen in pure Si samples post implantation and anneal. The EOR evolution and population,
however, does seem to be affected by strain. Figure 3-10 shows an anneal series at 800 °C for Si
control, 20% and 30% Ge samples. After similar anneal conditions, the EOR damage is
observed to be much smaller in both size and number in the strained sample than the Si control.
The total interstitial concentration trapped by both {311} defects and dislocation loops are
quantified and presented in Figure 3-11. The Si control and unrelaxed Si on 20% Ge have
similar concentration of trapped interstitials initially then deviate as seen in the figure. The
{311} defects appear to be stabilized under tension but do not lead to dislocation loop formation,

as seen by comparing the EOR evolution in Figure 3-10 for the pure Si and the Si on 20% Ge.
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Tension seems to suppress the {311} to dislocation loop process which causes the deviation of
trapped interstitial density from the initial concentration at 5 minutes. However, for the relaxed
Si on 30% Ge, a lower number of interstitials are initially trapped indicating that some of the
excess interstitials may be contributing to the relaxation process. These excess interstitials, a
result of the implant, may be providing a source for the generation of extrinsic stacking faults
which then nucleate more misfit dislocation. If this hypothesis is true, the proximity of the
implant damage to the interface should affect relaxation by acting as a sink for the excess
interstitials. As the implant damage is placed closer to the Si/SiGe interface, relaxation will
increase and a higher density of misfit dislocation should be observed. This hypothesis was
further analyzed by varying implant energy to change the proximity of the implant damage to the
Si/SiGe interface and will be further discussed in the next chapter.

In summary, this study suggests that strained silicon can be amorphized and regrown
without strain relaxation for all Si;«Gex compositions up to SipgGeg, for anneal temperature up
to 800 °C for 30 minutes. For the Sip;Gey 3 strained sample, the solid phase regrowth of the
amorphous layer breaks down and results in the formation of regrowth related defects within the
amorphous region and extending back down to the strained Si/ Si; \Gey interface. This is the
first observation of regrowth related defects extending below the original amorphous/crystalline
interface in amorphized silicon. Furthermore, these defects are found to be primarily stacking
faults rather than the traditionally observed hairpin dislocations. Since relaxation was only
observed when the regrowth related defects were present, the results also suggest that the defects
are contributing to the relaxation of the strained layer. Additionally, the EOR evolution seems to
be altered in the presence of tensile strain when compared to Si control; the evolved dislocation

loops in the strained structures are smaller in size and number. This indicates that, in
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conjunction with a certain level of strain, excess interstitials, a result of the implant, are
providing a source for the generation of extrinsic stacking faults which then nucleate misfit
dislocations. The additional misfit dislocations then promote further relaxation than annealing
alone. The possibility of excess interstitials acting as a source for misfit dislocation nucleation
will be further explored in the next chapter. In conclusion, these results indicate that a critical
misfit strain between 0.74% and 1.1% results in a breakdown of the SPER process and the
formation of extended regrowth related defects that promote further relaxation.

Defect Nucleation Study

Strain relaxation and defect nucleation post SPER were observed solely for the highest
strained samples. The mechanism of defect formation and the morphology of the amorphous-
crystalline interface was studied using a series of isothermal anneals performed at 500 °C. At
this temperature, the regrowth velocity is slow enough such that images of the a-c interface at
various stages prior to complete regrowth can be captured. Sip;Gey 3 samples were annealed for
15, 30, and 45 minutes and XTEM was used to observe the progression of SPER.

XTEM images of the samples are presented in Figure 3-12 in both bright and dark-field
imaging mode. SPER at higher strain results in relaxation by nucleating regrowth related defects
which propagate towards the surface with the advancing a-c interface. These defects are then
observed to extend towards the Si/SiGe interface once SPER is complete. At 30 minutes,
presented in Figure 3-12 (a) and (b), the a-c interface is observed to be planar and the regrowth
related defect is located above the original a-c interface. At 45 minutes, as seen in (c) and (d),
these defects begin to extend down to the epilayer interface promoting further strain relaxation.
At higher anneal temperatures, these regrowth defects are determined to be stacking faults via

XTEM and PTEM imaging. Figure 3-13 (a) and (b) show high-resolution XTEM images of
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these faults extending from the surface to the epilayer interface. However, after a 500 °C 45
minute anneal when regrowth is complete, no stacking faults were seen in PTEM micrographs.

The absence of stacking faults immediately after regrowth and presence of them after
further annealing suggests that 30° and 90° Shockley partial misfit dislocation pairs are nucleated
upon SPER to promote relaxation. These partials can then extend down to the epilayer interface
via point defect diffusion. Upon further annealing, these partials glide apart and leave a fault
between them. These faults are observed in PTEM to be relatively wide in length after anneals
around 650 °C. After further annealing at 800 °C, the width of these faults is observed to
decrease in conjunction with an increase in the 60° misfit dislocation. This observation suggests
that the presence of stacking faults is promoting further misfit dislocation nucleation. The
decrease in the width of the stacking fault in conjunction with increased perfect misfit density
indicates that this process in conservative. The generation of partial misfit dislocation to provide
strain relaxation in other strained bicrystal systems have been previously reported [Gut98,
GutOla, Hwa91] and were first theorized and observed by Cherns [Che74, Mat75]. Relaxation
via partial dislocation generation usually occurs at higher misfit strain than the strain magnitude
sampled in this work. Furthermore, the transformation of partial misfit dislocation to perfect
misfit dislocations has been reported experimentally by Tamura in the GaAs on Si system
[Tam96].

Plastic deformation in bulk Si via partial dislocations is well known. The deformation
behavior has been studied using two different techniques [Rab00]. The first is microindentation,
the drawbacks of this technique are that the stress tensor is unknown and the plastic region is
localized in a small area making TEM analysis difficult. The second is deformation under a

confining pressure which allows control of deviatoric and hydrostatic pressure. Both techniques
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induce a compressive stress. At the lowest temperature of 500 °C used in this work, the yield
stress is ~400 MPa. For the highest temperature of 800 °C this value drops significantly to ~20
MPa. According to this data, one might expect the thin films in this work to deform via
dislocation at lower strain levels. However, from prior work in thin films it is known that higher
stress in the films can be attained than predicted by the stress-strain studies in bulk silicon. The
heteroepitaxy system is more complex and have other factors that contribute to the strain
relaxation i.e. deformation. In bulk Si under ~500 MPa uniaxial stress induced by 4-point bend,
plastic deformation was observed at low temperature (~550 °C) [Phe04]. This results correlates
well with the prior deformation studies carried out.

In summary, this experiment showed that regrowth related defects are observed for the
highest strain case only. These regrowth related defects are confirmed to be stacking faults
above 500 °C. These defects are nucleated due to excess stress in the film that cannot support the
SPER process. At lower anneal temperature and times; the regrowth related defects are observed
to extend between the original a-c interface and the surface. After further annealing (at higher
temperatures and/or longer times), the defects appear to extend from the surface down to the
heterostructure interface and promote strain relaxation. Propagation of defects below the initial
a-c interface has not been previously reported. Furthermore, it should be noted that the result in
this work confirm prior work indicating that regrowth velocity is not affected by biaxial tensile
strain [Phe05].

Relaxation: Thermally Activated Glide Process Study

The relaxation behavior of 30% Ge, 12keV Si” implanted samples was studied using a
series of 30 minute isochronal anneals performed at 500, 575, 650, 725 and 800 °C. Additional
anneal times were carried out at the low and high temperatures to confirm that the relaxation

process is linear at constant temperature. This experiment was designed to study the thermally
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activated glide process of the SPER related defects and compare it to dislocation glide observed
in bulk Si. Since this process is being measured via XRD it should be noted that the misfit
dislocation propagation via glide is being indirectly measured through monitoring of degree of
strain relaxation. Prior work has used in situ TEM measurements to determine the activation
energy for glide [Hul89].

Prior studies pertaining to the plastic deformation of Si show that dislocation propagation
follows Arrhenius behavior and occurs via dislocation glide. The activation energy for plastic
deformation via dislocation glide process is 2.2 eV for pure Si [Ale68]. The activation energy
for relaxation in strained Si measured via XRD is presented in Figure 3-14 as rate of relaxation
versus 1/kT. The activation energy is found to be 0.7 + 0.2 eV. This is much lower than the
activation energy for plastic deformation in bulk Si. Comparatively, an activation energy for
glide has been documented for a Siy7Ge 3 on Si thin film relaxation after an anneal only with a
value around 1.1 eV [Hul89, Dod88] and 1.38 eV [Lei01], lower than the 1.8 eV determined for
SiGe bulk material. The explanation proposed by Hull et al. [Hul89] is that as the dislocation
density and anneal temperature increase, the propagating dislocations have to cross more and
more orthogonal dislocations in a given length. These intersecting events are observed to
impede propagation.

Activation energies for glide are the sum of kink formation and migration energies. The
lower activation energy in thin films versus bulk material has been attributed to lower formation
energies of kinks, due to the close proximity of the free surface and the relaxing interface. For
the work presented here, since the nucleation of the defect is a result of the SPER breakdown, the
activation energy may be dominated by the migration term. The formation energy term is

thought to be negligible due to the defects forming as a result of SPER breakdown. This is
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especially true since the activation energy is being measured by the relaxation rate which, in
turn, depends on the rate at which misfit dislocations propagate. In conclusion, the relaxation
observed is determined to be a result of dislocation nucleation and propagation initiated by the
SPER breakdown with activation energy of 0.7 = 0.2 eV.

Conclusion

The results in this chapter have shown three main points. First, under biaxial tension there
is a critical strain for SPER breakdown that lies between 0.74 and 1.1% strain. Thus, strained
silicon can be amorphized and regrown without strain relaxation for all Si;.\Gex compositions up
to Sip.gGep, (0.74% strain). For the 1.1% strained (Sip7Geg 3) sample, the solid phase regrowth
of the amorphous layer breaks down and results in the formation of regrowth related defects
within the amorphous region. These defects then extend back down to the strained Si/ Si;.xGex
interface. This is the first observation of regrowth related defects extending below the
amorphous/crystalline interface. Additionally, the EOR evolution and population seems to be
altered in the presence of tensile strain; the evolved dislocation loops are fewer in number
especially in the relaxed Si on Sip7Geg 3 sample. This indicates that, in conjunction with a
certain level of initial strain, excess interstitials, a result of the implant, are providing a source for
the generation of extrinsic stacking faults which then nucleate misfit dislocation. Thus,
implantation increases misfit dislocation density and promotes further relaxation than annealing
alone. The possibility of excess interstitials acting as a source for misfit dislocation nucleation
will be further explored in the next chapter. In summary, these results indicate that a critical
misfit strain between 0.74% and 1.1% results in a breakdown of the SPER process and the
formation of extended regrowth related defects.

Second, defects are nucleated as the a-c interface progresses towards the interface during

SPER, forming regrowth related defects. Once fully regrown, these defects propagate down to
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the interface, promoting enhanced strain relaxation of the layer than annealing alone. The
regrowth related defects are primarily stacking faults rather than the traditionally observed
hairpin dislocations. Since strain relaxation was only observed when these regrowth related
defects were present, the results suggest that these defects are contributing significantly to
enhanced relaxation of the strained layer.

Finally, the relaxation process is a thermally activated glide process with activation energy
of 0.7 eV. This value is significantly less than the 2.2 eV glide energy observed in bulk Si. The
difference is theorized to be due to the formation term in this work being negligible since the
defects are formed as a result of SPER breakdown. Thus, the activation energy in this work is
dominated by the migration term. Overall, the relaxation process is concluded to be a result of

dislocation nucleation and propagation via dislocation glide initiated by the SPER breakdown.
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Figure 3-1. HRXRD (004) rocking curve of all as-grown strained Si on relaxed Si;.xGex
samples.
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Figure 3-2. XTEM of as-implanted strained Si/ Sij 7Geo 3 sample implanted with 12 keV Si'.
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Figure 3-4a. HRXRD (113) reciprocal space map of as-grown strained Si/Si7Gey 3 structure.
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Figure 3-4b. HRXRD (113) reciprocal space map of strained Si/Sip7Gey 3 structure implanted

with 12

keV Si" and annealed at 500 °C for 30 minutes.
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Figure 3-4c. HRXRD (113) reciprocal space map of strained Si/Sip7Gey 3 structure implanted
with 12 keV Si” and annealed at 800 °C for 30 minutes.
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Figure 3-6. XTEM (top row) and PTEM (bottom row) for all strained Si on relaxed Si;.xGex
samples implanted with 12 keV Si"and annealed for 30 minutes at 650 °C.
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Figure 3-7. PTEM images for AG, AG plus anneal, and implanted with 12 keV Si" plus anneal
for all strained Si on relaxed Si; \Gex samples. All anneals carried out for 30 minutes
at 800 °C.
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Figure 3-8. Linear defect density quantified using PTEM as a function of Ge concentration after
30 minute anneal at 800 °C.
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Figure 3-9. Percent strain relaxation quantified using HRXRD SM measurements as a function
of Ge concentration after a 30 minute anneal at 800 °C.
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Figure 3-10. PTEM images for Si control and strained Si on relaxed Si;«Gey samples implanted
with 12 keV Si"and annealed for 5, 30, and 300 minutes at 800 °C.
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Figure 3-11. Trapped interstitial concentration as a function of anneal time for Si, Si on
Sip3Geg, and Si on Siy7Gey 3 implanted with 12 keV Si" and annealed at 800 °C.
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Figure 3-12. XTEM of strained silicon layer of the Siy;Gey 3 implanted with 12keV Si+ and
annealed at (a) and (b) 500 °C for 30 minutes and for (c) and (d) 45 minutes. XTEM
are imaged using (a) and (c) bright-field and in (b) and (d) dark-field mode.
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Figure 3-13a. XTEM of stacking faults observed in the strained silicon layer of the Siy;Gey 3
sample implanted with 12 keV Si" and annealed at 800 °C for 30 minutes.
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Figure 3-13b. High-Resolution XTEM of stacking faults observed in the strained silicon layer of
the Sij7Ge 3 sample implanted with 12 keV Si" and annealed at 800 °C for 30
minutes.
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CHAPTER 4
TENSILE STRAIN: PROXIMITY EFFECT

With the introduction of strain technology in CMOS devices, the effects of strain on the
individual fabrication processes have been increasingly important to determine. The work in this
chapter investigates the use of amorphizing implants in tensile strained Si regions. Specifically,
to investigate whether the proximity of the a-c interface and Si/SiGe interfaces affect strain
relaxation.

Epitaxially strained silicon layers were grown on virtual SiGe substrates and were used as
test vehicles to study the effect of strain on SPER. Since epitaxial layers were used to study this
effect, it is also important to design a study explore the effect of the Si/SiGe interface on the
relaxation process as the strain is elastically accommodated by the lattice mismatch at the
heterostructure interface. Results in the previous chapter showed that the EOR evolution seemed
to be altered in the presence of tensile strain when compared to Si control; the evolved
dislocation loops in the strained structures were smaller in size and number. This indicated that,
in conjunction with a certain level of strain, excess interstitials were providing a source for the
generation of extrinsic stacking faults which then nucleated misfit dislocations. The additional
misfit dislocations then promoted further relaxation than annealing alone. The possibility of
excess interstitials acting as a source for misfit dislocation nucleation will be further explored in
this chapter by varying the implant energy thereby, varying the implant damage proximity to the
Si/SiGe interface.

Experimental Design

Strained Si structures were grown on relaxed Si; xGey (Ge fractions of 0, 10, 20, and 30)

virtual substrates via Molecular Beam Epitaxy (MBE) at the University of Aarhus, Denmark.

100mm 0.005-0.020 ohm-cm (100) n-type Czochralski-grown silicon wafers were used for
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substrate wafers. Virtual substrates with low threading dislocation densities were grown with
compositionally graded buffer layers which incorporated Ge at a rate of 10 at.% per micrometer
at temperatures of 750 °C to 800 °C [Fit91]. A 630 nm thick fully relaxed Si; 1Gey layer of
corresponding composition was then grown on top of the buffer layer, followed by a 50 nm
strained silicon capping layer. The strain of the structures was experimentally determined using
the in-plane lattice parameters, asi_cap and asige, obtained from HRXRD and the relationship in
Equation 4-1.

% Strain Relaxation = (asi-cap — asiGe)/ asi — asige X 100% (4-1)
The silicon results from this analysis show that the capping layers grown on Si;xGex with Ge
fractions of 0, 10, 20 and 30 correspond to a Si layer strain of 0, 0.37, 0.74, and 1.1% strain,
respectively. XTEM analysis was also used in order to verify proper growth of strained films.
The structures were then ion-implanted with 5, 12, and 18 keV Si* jons at a fluence of 1x10"
atoms/cm’, generating an amorphous layer ~15, 30, 40 nm thick, with varying proximity to the
epitaxial interface while confining them within the strained layer. An isothermal study at 800°C
for 5, 30, and 300 minutes was then carried out.

This experiment studied the effect of implantation damage proximity to the epitaxial
interface on strain relaxation for the highest strain case only. lon implantation is a non-
conservative process which introduces excess point defects into the material. At temperatures
between 600 and 800 °C, excess point defects recombine and the remaining excess interstitials
agglomerate to form 311 defects. On further annealing, the 311 defects dissolve and contribute
to the formation and coarsening of dislocation loops. These defects at all stages are termed End-
Of-Range (EOR) damage [Bon98, Cri00, Lam99, Nod00, Uem99]. Since it is likely that strain

relieving misfit dislocations may be nucleated at or near the EOR damage created by ion
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implantation, the proximity of the EOR damage to the Si/SiGe interface may influence the
number and type of defects formed and hence affect the degree of strain relaxation. Thus, this
experiment varied both strain and implant energy in order to investigate the effect of the
proximity of the EOR to the epitaxial interface on strain relaxation as a function of initial strain.
Once annealed, the strain state and crystalline quality was characterized.

A Pananalytical MRD X’Pert was used to obtain HRXRD rocking curves and reciprocal
space maps to determine the degree of strain relaxation for each sample. Previous studies have
also employed rocking curves to study the strain relaxation observed in the strained silicon
capping layer using pseudomorphic Si/ Si;xGey structures [Cro04, Phe05]. However, further
investigation has determined space maps to be a preferable technique for the measurement of
annealed samples. Reciprocal Space Maps (RSM)s are compilations of rocking curves taken at a
range of  positions to create a 2D map of intensity in the vicinity of the Bragg reflection. The
RSMs allows the observation of very low intensity peaks from the strained silicon layer that
rocking curves do not clearly obtain. Using these maps, the relaxation of the layer can be directly
observed by monitoring the shift of the strained silicon peak toward the silicon substrate.
Additionally, the crystalline integrity of the layer can also be monitored by observing any
broadening of the peak that would indicate a disordered or defected layer [Pie04]. Therefore,
space maps are preferred for multilayered structures because the lattice parameters can be
obtained from peak position and the degree of relaxation obtained directly.

A JEOL 2010F high-resolution transmission electron microscope (HRTEM) and a JEOL
200CX TEM were used to study cross-sections of the regrown layer (XTEM). Samples were
prepared using a Dual-Beam FEI Strata DB 235 Focused Ion Beam. XTEM measurements were

used to confirm the amorphous layer depth and layer thicknesses. Plan-view (PTEM) samples
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were also prepared and imaged using a JEOL 200CX operating at 200kV using g2»p weak-beam
dark-field (WBDF) imaging to quantify dislocation density.

Results
As-Implanted Sample Analysis

Analysis of the as-grown samples can be found in the previous chapter. The experiment
presented in this chapter varied the implant energy in order to change the proximity of the a-c
interface to the epitaxial interface. All implants were tailored to be strictly confined within the
strained layer. Previous work suggests that the amorphization threshold decreases with
increasing Ge concentration due to a decrease in binding energy [Hay92, Lie93, O’Ra96].
However, since all implants were conducted within the Si capping layer and not through to the
SiGe layer, the amorphous depths were constant as a function of Ge fraction. XTEM of as-
implanted Si on SiGe and Si control samples confirmed that amorphous depth did not vary with
%Ge for this implant condition. The amorphous depths were within + 1 nm for all samples
within the error of XTEM measurement.

Proximity Effect Experiment

The effect of implant proximity to the defect density and degree of strain relaxation will be
discussed for the highest strain case only. The PTEM micrographs, taken at g0 BF and WBDF,
of the samples post implant and anneal at 800 °C for 30 minutes is presented in Figure 4-1. The
micrograph in (a) is a BF image after anneal alone, (b) is after SkeV implant and anneal, (c) is
after 12keV implant and anneal, and (d) is after 18 keV Si" implant and anneal. In comparing
these results, notice the misfit dislocation spacing after each anneal and implant condition. The
anneal only and the 5 keV implant and anneal samples both have similar low densities and the
largest average misfit spacing, i.e. lowest degree of relaxation. Once the samples are implanted

with higher energies (closer proximity) and annealed, the average misfit spacing decreases
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indicating a higher degree of strain relaxation is observed. The misfit dislocation density was
quantified in terms of linear density as outlined in the procedure in Chapter Two.

The quantitative HRXRD and PTEM for samples annealed at 800 °C for 30 minutes is
presented in Figure 4-2 as a function of implant energy. The zero implant energy indicates data
for the anneal only case. The HRXRD results show a similar trend to that seen in the
quantitative PTEM results, indicating that the defect density is related to the degree of relaxation.
The defect density of the anneal only and the 5 keV samples are similar in quantity and misfit
spacing. Thus, if relaxation is contributed by formation of misfit dislocations, these two samples
should exhibit the same degree of relaxation via XRD measurements. However, this is not the
case. The as-grown plus anneal sample exhibited a 1% relaxation whereas the 5 keV samples
exhibited a ~17% relaxation. In addition to misfit dislocations, the 5 keV samples also exhibited
presence of stacking faults in the PTEM micrographs. Since both of these samples exhibited
similar misfit dislocation densities, yet the 5 keV sample observed a higher degree of relaxation,
suggests that the presence of stacking faults also contribute to a large percentage of the
relaxation. The two higher implant energies, 12 and 18 keV, exhibit a greater density of misfit
dislocations in conjunction with higher degree of relaxation. From these results, it is evident that
with increasing proximity to the interface, a higher degree of strain relaxation is observed which
is confirmed with the higher density of misfit dislocations.

Further investigation of the PTEM for the three different implant conditions in terms of
anneal time allows better understanding of the dependence of strain relaxation on proximity.
Figure 4-3 presents PTEM micrographs, taken under g,,0 WBDF conditions, for the highest
strain case implanted with 5, 12, and 18 keV Si" and annealed for various times at 800 °C. All

micrographs were taken at the same magnification. Comparing samples annealed at the same
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time, the misfit densities increase with increasing proximity (implant energy). This effect is also
evident at longer anneal times. This trend of increasing misfit density with increasing proximity
is more clearly depicted in the quantitative analysis of PTEM presented in Figure 4-4.
Furthermore, the misfit density is observed to increase up to a saturation point at which it levels
off. At this point, the strained layer is completely relaxed and there is no driving force for
dislocations generation.

The higher the implant energy the closer the excess interstitials are placed with respect to
the Si/SiGe interface. Assuming that the net excess interstitials are constant at these energies
[Gut01b], the only variable to be considered is proximity of the excess interstitials to the
interface. These results indicate that the placement of the a-c interface closer to the epitaxial
Si/SiGe interface is highly influential on the degree of relaxation and density of misfit
dislocations generated. These observations indicate that the Si/SiGe interface may acting as a
sink for the excess interstitials and promote further relaxation as a result.

Discussion

The results discussed in the previous chapter suggested that strained silicon can be
amorphized and regrown without strain relaxation for all Si; \Gex compositions up to SipsGeo
for anneals up to 800 °C for 30 minutes. For the strained Si sample on Siy7Geg 3, the solid phase
regrowth of the amorphous layer breaks down and results in the formation of regrowth related
defects within the amorphous region which extended back down to the strained Si/ Si;xGey
interface. Furthermore, the EOR evolution and population seemed to be altered in the presence
of tensile strain when compared to the Si control; the evolved dislocation loops in the strained
structures are smaller both in size and quantity. This indicates that, in conjunction with a certain
level of strain, excess interstitials, a result of the implant, are providing a source for the

generation of extrinsic stacking faults which then nucleate misfit dislocations. The possibility of
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ion implantation produced excess interstitials acting as a source for misfit dislocation nucleation
was further explored by varying proximity of the implant damage to the epitaxial interface while
still confining it within the strained layer.

In developing this experiment, one must consider all variable parameters. A change in
implant energy with constant fluence and species will change the a-c interface depth.
Additionally, the net interstitial profile will also change. However, with the energy range used in
this experiment previous work by Gutierrez et al. [GutO1b] suggests that the net interstitial
population is constant. Therefore, the net excess interstitial population of the implants in this
experiment is assumed to be constant. Therefore, placing the implant closer to the interface
places the net excess interstitials closer to the interface while the net interstitial population is
held constant. This experiment was specifically designed to determine if the interface acts as a
sink for point defects.

Results in this chapter have shown that proximity of the implant damage to the
heterostructure interface influences both misfit dislocation density and degree of strain
relaxation. The closer the damage proximity to the heterostructure interface the higher degree of
relaxation combined with a higher misfit dislocation density is observed. Thus, it is plausible
that the interface may be acting as a sink for the excess interstitials which then drives further
relaxation when the damage is placed closer to the heterostructure interface. Additionally, the
results in the previous chapter showed that the end-of-range damage population decreased in
conjunction with an increase in misfit dislocations. Therefore, it is plausible that the proximity
of the damage to the interface influences both trapped interstitial concentration as well as the

degree of relaxation. However, future studies below 800 °C are recommended to explore the
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end-of-range evolution and trapped interstitial concentration as a function of damage proximity
to the interface to fully understand the role of excess interstitials to the relaxation process.

Conclusions

The results in this chapter have shown that the implant damage proximity to the Si/SiGe
interface impacts the degree of relaxation and misfit dislocation density. After a constant anneal
time and temperature, 800 °C for 30 minutes, and varying implant energy (proximity) the misfit
dislocation spacing is observed to decrease with increasing proximity. Therefore, exhibiting a
higher density and observed relaxation as confirmed by HRXRD measurements. Further
analysis using isothermal anneals and PTEM showed that the misfit dislocations are observed to
increase in density for the two lower implant energy cases. The highest energy case, already
observed complete relaxation at 30 minutes and exhibits constant misfit dislocation density with
further annealing. The PTEM and HRXRD results are consistent and confirm data observed.

In summary, this experiment has determined that misfit dislocation density and strain
relaxation depends significantly on the proximity of the initial a-c interface. The closer
proximity of the damage to the Si/SiGe interface, the higher the degree of relaxation and higher
misfit dislocation density is observed. Additionally, the results in the previous chapter showed
that the end-of-range damage population decreased in conjunction with an increase in misfit
dislocations. These results indicate that close proximity of the damage to the interface could
influence both trapped interstitial concentration as well as the degree of relaxation. Therefore,
from these results it can be inferred that the epilayer interface may be acting as a sink for point
defects when the implant damage is placed in close proximity. To confirm this claim, future
studies below 800 °C are recommended to explore the end-of-range evolution and trapped
interstitial concentration as a function of damage proximity to the interface to fully understand

the role of excess interstitials to the relaxation process.
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Figure 4-1. PTEM images for (a) Si control sample and Si on Sij7Geo 3 samples implanted with
(b) 5keV Si" (c) 12 keV Si" and (d) 18 keV Si" and annealed for 30 minutes at 800
°C.
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Figure 4-2. Strain relaxation (circles) and linear defect density (squares) as a function of implant
energy after 800 °C 30 minute anneal. Zero implant energy indicates data for as-
grown plus anneal case.
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Figure 4-3. PTEM images for strained Si on Sip;Geg 3 samples implanted with 5, 12, and 18 keV
Si" and annealed for 5, 30, and 300 minutes at 800 °C.
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Figure 4-4. Linear dislocation density quantified using PTEM for strained Si on Si0.7Ge0.3
samples implanted with 5, 12, and 18 keV Si+ and annealed for 5, 30, and 300
minutes at 800 °C.

115



CHAPTER 5
COMPRESSIVE STRAIN: DEFECT NUCLEATION AND STRAIN RELAXATION

With the introduction of strain technology in CMOS devices the effect of strain on the
individual fabrication processes has become increasingly important. Specifically, understanding
the upper strain limit for successful regrowth under compression is critical to device processing.
This chapter outlines experiments to determine the magnitude of compressive strain that may be
used in conjunction with amorphizing implants without inducing strain relaxation.

In these experiments, epitaxially strained silicon germanium layers are grown on silicon
substrates as test structures to study the effect of compressive strain on Solid Phase Epitaxial
Regrowth (SPER). The first experiment is designed to study the mechanism by which defects
nucleate and cause strain relaxation during SPER. The defect nucleation study was performed
using lower temperature anneals in order to observe the a-c interface prior to complete growth.
The second experiment was designed to investigate the interaction of excess interstitials, a result
of the implant, with the relaxation process. This study was performed using an isochronal
experiment in which the relaxation and defects microstructure is monitored during the early
stages of nucleation and growth and the latter stages of coarsening as seen in Si (if present in
SiGe). In summary, by monitoring the quantity of dislocations in strained vs. unstrained samples
and studying the kinetics of the dislocation growth process the relationship between the strain
relaxation process and SPER can be further clarified.

Experimental Design

The experimental structures were grown using Reduced Pressure Chemical Vapor
Deposition (RPCVD). Pseodomorphically strained 50 nm Si; 4Gey was deposited on Si (001)
substrate with alloy compositions of 0, 16, 22, and 26 % germanium. The as-grown structures

were characterized using TEM and XRD techniques in order to ensure proper growth of strained

116



films. All Post growth, the structures were implanted with Si” with an energy of 12 keV at a
fluence of 1x10" atoms/cm” to generate a 30 nm continuous amorphous layer confined within
the strained layer. Anneals were performed in a quartz-tube furnace under an inert N, ambient
environment. The experiments were designed to study specific factors that may affect the
relaxation process.

The first experiment consisted of an isothermal study at 500 °C performed to investigate
defect nucleation and propagation in the strained film. Anneal times were 15, 30, and 45
minutes. With these times and temperature, the regrowth velocity is slow enough that the
amorphous-crystalline (a-c) interface will be captured before complete regrowth has taken place.
This allows observation of defects as they nucleate and grow with the use of XTEM and PTEM.
Only the highest and lowest strained samples, implanted with an energy of 12keV, were used for
this experiment. Additionally, a preanneal of 400°C for 60 minutes was conducted prior to the
500°C anneal to relax and planarize the a-c interface before initiation of SPER. Analysis of the
preanneal, shown in Appendix B, planarized the a-c interface prior to regrowth. Similar low
temperature preanneals, also have been conducted to planarize the a-c interface in prior work
[Kin03, Ban00].

The second experiment consisted of a 30 minute isochronal study to investigate the
interaction of extended defects and their evolution with the relaxation process. Temperatures of
500, 575, 650, 725 and 800 °C were used. In implanted Si, the supersaturation of interstitials
lead to evolution and agglomeration of extended defects when annealed above 650 °C. If present
in strained SiGe, the effect of the evolution of these extended defects will be studied. The

highest Ge, 26%, sample implanted with 12keV Si” was used in this isochronal study.
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A Pananalytical MRD X’Pert was used to obtain XRD Rocking Curves (RC) and
Reciprocal Space Maps (RSM) to obtain the degree of relaxation observed post anneal. A JEOL
2010F high-resolution transmission electron microscope (HRTEM) and a JEOL 200CX TEM
were used to study cross-sections (XTEM) of the regrown layer. Samples were prepared using a
Dual-Beam FEI Strata DB 235 Focused Ion Beam. XTEM measurements were used to confirm
the amorphous layer depth and layer thicknesses. Plan-view (PTEM) samples were also
prepared and imaged using a JEOL 200CX operating at 200kV using g»»o weak-beam dark-field
imaging to quantify dislocation density.

Results and Discussion

As-Grown Sample Analysis

The XRD (004) RC for the as-grown structures are shown in Figure 5-1. The position of
the diffraction peak depends on Ge composition and strain relaxation in the layer. The
oscillation near the SiGe Bragg peak is due to different scattering factors along the Qz axis
which arise from the difference in atomic species across the boundary layer. The thickness of
the SiGe layer can be calculated using the peak-to-peak distance of the oscillations provided that
the material is pseudomorphically strained [Bir03]. Therefore, PTEM (not shown) was used to
determine if the strained layers were grown pseudomorphically. The 16 and 22% Ge samples
showed no misfit dislocation formation and were completely pseudomorphic. The 26% Ge
sample, however, was partially pseudomorphic and exhibited a 0.77% relaxation calculated using
misfit spacing [Mat74]. XRD RC analysis, however, indicated 0% relaxation for the same
sample due to sensitivity limitations of the X-ray technique [Bir03]. The pseudomorphic/non-
pseudomorphic conditions of these samples are in good agreement with the observations of

People and Bean [Peo85].

118



All as-grown samples were analyzed using XRD RC, X-Ray Reflectivity (XRR) and TEM
cross-section to verify Ge concentrations and layer depth. Simulation of the experimental x-ray
spectra from RC and XRR configurations yields Ge concentration, thickness, and roughness
measurements of the SiGe layers. XTEM analysis of the samples was also used to directly
measure the thickness of the layer. A summary of these results are in Table 5-1. The Ge
concentrations were within + 1 at% of nominal for each wafer. The thickness measurements
obtained from the X-Ray simulations and the XTEM results agree well when the strained layers
are completely pseudomorphic (16 and 22% Ge). The 26% Ge sample, however, is partially
pseudomorphic as determined by PTEM. The discrepancy between the layer thickness measured
via X-ray techniques and the XTEM could indicate higher error in X-ray measurement due to
scattering from defects at the interface. To accurately model the parameters for partially relaxed
layers, the degree of relaxation must be known and measured using an alternate technique.

As-Implanted Sample Analysis

All samples discussed in this chapter were implanted with a 12 keV Si" implant at a
fluence of 1x10" atoms/cm”. The implants were tailored to generate a continuous amorphous
region confined within the strained layer as shown in Figure 5-2. XTEM of as-implanted SiGe
and Si samples confirmed that amorphous depth did not vary with %Ge for this implant
condition. The amorphous depths were within £1 nm for all samples this is within the error of
XTEM measurement.

Defect Nucleation/Interface Roughness Study

All strain conditions formed defects and observed strain relaxation post SPER. The
mechanism of defect introduction and the morphology of the amorphous-crystalline interface
were studied using an isothermal study performed at 500 °C. At this temperature, the regrowth

velocity is slow enough such that images of the a-c interface at various stages prior to complete
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regrowth can be captured. Samples were annealed for 15, 30, and 45 minutes and XTEM was
used to observe the progression of SPER.

Figure 5-3 shows XTEM images, taken under on-axis bright field conditions, of the
advancing a-c front transitions from a planar interface (as-implanted) to one that is rough as
SPER progresses. The roughening process is also dependent on the degree of strain; a higher
peak to valley amplitude is observed with increasing magnitude of initial strain. This roughening
effect has been previously observed in compressively strained Si films [Bar04] and in metastable
strained SiGe films [Ang07, Cor96] during SPER and in high dose Ge™ implants into Si to form
SiGe [Cri96, Eli196]. A defect-free regrown layer and a planar advancing a-c interface, however,
has been shown in relaxed SiGe films with up to a 38% Ge concentration [Kri95a].
Additionally, Antonell et al. [Ant96] showed that incorporating C into SiGe prior to
amorphization delayed the onset of dislocation formation and promoted planar a-c interface
growth due to strain compensation effects. These results indicate that the roughening of the
advancing a-c front is a strain effect and not a Ge chemical effect.

As the a-c front advances towards the surface under compressive strain, an increase in
roughness is observed due to competing elastic and strain energies, similar to the perturbation
observed in epitaxial growth via MBE or CVD. Balancing these energies yield a minimum
wavelength of the perturbation as determined by previous research [Sro89]. It is also well
known that SPER velocity is dependent on growth direction. The [110] and [111] growth
velocities are 3 times and 25 times slower, respectively, than [001] as determined by Csepregi
[Cse78]. Thus, once the a-c interface has roughened significantly, the slower growing [110] and
[111] fronts retard the overall regrowth velocity as the initial magnitude of strain is increased.

This effect can be observed by comparing Figure 5-3 (a) for 16% Ge and (b) for 26% Ge.
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Additionally, it is can be firmly concluded that roughness is enhanced at higher strain
magnitudes.

The roughening, in turn, causes defect formation as the misoriented facets meet and
nucleate defects during SPER. PTEM analysis, using g0 WBDF conditions, shown in Figure 5-
4, was used in order to determine the Burger’s vector of the defect. The dislocations are perfect
dislocations of a/2<110> type which have been reported in prior works [Cri96, San84] and are
termed “hairpin” dislocations. The mechanism of the nucleation and growth of these defects
have been postulated by T. Sands [San84]. Typically, these dislocations were so great in number
that it does not allow imaging of underlying misfit dislocations (cross-hatch pattern), a result of
strain relaxation, located at the epitaxial interface. Of the large quantity of PTEM samples
analyzed, one sample happened to etch down to the interface and revealed the presence of misfit
dislocations. The PTEM image of this sample is shown in Figure 5-5. By examining this image,
it can be observed that the hairpin defects are much greater in number and closer in spacing than
the misfit dislocations. Thus, it is important to note that the hairpin defects may obstruct the
imaging and quantification of misfit dislocations.

In summary, this experiment showed that the a-c interface roughens due to strain and that
the roughness increases as the magnitude of strain is increased. Also, defects are nucleated
during SPER through the meeting of growth fronts of different orientations. These defects were
determined to be hairpin dislocations and are so vast in number that they can obstruct imaging of
misfit dislocations.

Temperature Dependence Study

The relaxation behavior of 26% Ge, 12keV samples was studied using a series of 30
minute isochronal anneals performed at 500, 575, 650, 725 and 800 °C. This experiment was

designed to study the evolution and agglomeration of supersaturated interstitials and their
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interaction with the relaxation process. Crosby et al. [Cro05] studied the evolution of these
extended defects as a function of Ge in relaxed SiGe alloys. The samples studied were
implanted with Si” below the amorphization threshold. In low Ge concentration samples, the
dissolutions rates were similar to that of Si. At intermediate concentrations, 25% and 35% Ge,
the dislocation loops appear relatively stable. Above 50% Ge, the dislocation loops become
unstable. This study aims to determine if the dislocation loops are stable in strained SiGe films
and how they influence relaxation. XRD RCs were obtained to determine strain relaxation post
implantation and anneal. Additionally, PTEM and XTEM were used to study the defect
microstructure and depth.

PTEM quantification was used to obtain dislocation density. All samples displayed an
extended dislocation network in the form of a large connected array rather than individual
dislocations. A linear (rather than area) quantity was therefore measured for more accurate
quantification. Figure 5-6 shows a series of PTEM images as a function of anneal temperature.
The spacing of the hairpin dislocations, and thus the linear dislocation density quantified in
Figure 5-7, do not depend on the anneal temperature. Additionally, the sample in Figure 5-6(a)
shows hairpin dislocation present when regrowth has not been completed. This sample was
partially regrown yet hairpins are observed. These results suggest that the defects nucleate as the
SPER process progresses and remain stable at higher temperatures. Additionally, unlike the
results from Crosby et al. [Cro05], no extended defects were observed in any samples of this
study. This suggests that the roughness of the a-c interface, not point defects, is a dominant
factor in defect formation in strained SiGe alloys.

The hairpin dislocations are nucleated when the misoriented facets of the rough a-c

interface meet and propagate as the a-c interface propagates towards the surface. It is also
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observed, using XTEM, (not shown) that these defects do not glide down to the epitaxial
interface. The defective layer is contained between the depth of defect nucleation and the
surface for lower strain cases and extends to the entire layer in the highest strain case. This will
be further discussed in the next chapter.

XRD RC for the isochronal study is shown in Figure 5-8. The SiGe peak is observed to
broaden and the interference fringes are absent after higher temperature anneals. This is an
indication of larger variation of SiGe lattice parameter and a disturbance of the epitaxial
interface. Thus, the film is undergoing strain relaxation. Further investigations of the highest
temperature anneal, 800 °C for 30 minutes, using RSM shows that the strain state of the SiGe
film is gradient in nature. The RSM spectrum, in Figure 5-9, shows that the SiGe peak is
broadened and extends from full relaxed to fully strained state. Also, the elongation of the peak
shape in the direction of the relaxation line (refer to Figure 2-5 for clarification) indicates the
layer is mosaic in nature. For all samples exhibiting this gradient, the highest intensity peak was
used to quantify strain relaxation. When this average strain relaxation plotted in Figure 5-10 is
compared to the defect density shown in Figure 5-7, the results do not similar trends. This
discrepancy between the XRD and TEM data is discussed further in the next chapter.

This can be further understood by considering two mechanisms of relaxation. The first is
that the relaxation occurring at the Si/SiGe interface is due to the lattice mismatch not being
accommodated elastically and nucleating misfit dislocations [Mat74, Peo85]. Second, the
relaxation observed in the SiGe layer is due to the defects nucleated via roughening of the a-c
interface during regrowth and when the facets of the interface meet observed in this work and
others [Ang07, Hon92, Lee93]. XRD measures the first type of relaxation and the second is

observed using XTEM and PTEM. This fact causes some discrepancy in comparing the XRD
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and TEM results for these samples. More specifically, this discrepancy is due to the localized
defect-free region and highly defective region, causing a strain gradient.

This experiment has shown the defect nucleation is dominated by the a-c roughness. The
experiment has also shown that hairpin dislocation density is stable and not a function of
temperature. It does not correlate, therefore, with the strain relaxation observed via XRD which
increases as anneal temperature is raised.

Conclusion

The results in this chapter have shown four main points. First, the a-c interface roughens
due to compressive strain and this roughness increases when the magnitude of strain is increased.
The roughness is a strain effect previously reported in both compressively strained Si [Bar04]
and in metastable SiGe films [Ang07, Lee93]. It is also similar to the effect seen in
compressively strained epitaxial layers grown via deposition techniques [Sro89]. With
increasing initial strain in the film, there is a more strain energy to compensate by decreasing
elastic energy. The balance of these energies yields a minimum wavelength of the roughness for
the a-c interface.

Second, defects are nucleated during SPER by the competition of the different direction
growth fronts. Using g 'b analysis, these defects were determined to be hairpin dislocations with
Burgers vector of a/2 <110> which were first observed by T. Sands [San84]. These defects were
later observed in metastable SiGe SPER [Ang07] and in Si samples implanted with high dose
Ge' to form SiGe via SPER [Cri96]. The a-c interface in these other structures also exhibited
roughness similar to these observations.

Third, in relation to the tensile case discussed in previous chapters, the critical strain for
SPER breakdown is much lower in compression. The a-c interface roughness in compressions is

the main cause for both defect nucleation and a lower critical strain in compression versus
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tension. The rough a-c interface allows defect nucleation at much lower compressive strain than
defect nucleation by yielding in tension. This is also the main cause for the difference in defect
type observed. The regrowth related defects observed in compression were a/2<110> type
dislocation network, while the defects in tension were stacking faults. The roughening a-c
interface in SiGe films does not allow the film to reach its yield point. Instead, defects are
introduced which relax the strain and a driving force towards further dislocation nucleation no
longer exists.

Fourth, the experiment has also shown that hairpin dislocation density is stable and not a
function of temperature over the range studied. It does not correlate, therefore, with the strain
relaxation observed via XRD which increases as the anneal temperature is raised. The defects
nucleate at the meeting of the facets of the rough a-c interface and propagate towards the surface
with the advancing front. It is also observed that these defects do not glide down to the epitaxial
interface. The defective layer is contained between the depth at which defect nucleation
occurred and the surface. At lower strain, there lies a defect-free layer which retained its initial
strain with a highly defective layer near the surface which is fully relaxed. The experiment in the
next chapter will discuss how this defect-free layer is influenced by both initial magnitude of

strain and the proximity of the a-c interface to the epitaxial interface.
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Sample
Conditions XRR RC XTEM
. o A Thickness | Roughness | Density | Thickness | Thickness
Thickness | %Ge X2 (nm) A) (g/ce) (nm) % Ge (nm)
50 16 | 1.60E-02 49.3 7 2.91 49.9 15.6 50.0
50 22 | 1.58E-02 48.4 10 3.08 47.0 21.6 47.0
50 26 | 4.20E-02 57.7 9 3.21 58.0 26.0 51.0

Table 5-1. Summary of XRR and RC spectra simulations compared to XTEM measurements.
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Figure 5-1. XRD (004) rocking curves for all as-grown strained SiGe on Si samples.
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Figure 5-2. Cross-section of as-implanted strained SiGe on Si samples.
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Figure 5-3. XTEM of strained Si;.xGex on Si samples implanted with 12keV Si" annealed at 500
°C for 45 minutes (a) x= 16 (b) x=26. Arrows indicate a-c interface and hatched
white lines indicate epitaxial interface.
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Figure 5-4. PTEM image of strained Sig74Geg 26 on Si samples implanted with 12 keV Si" and
annealed for 45 minutes at 500 °C.
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Figure 5-5. PTEM image of strained Sig74Geg 26 on Si samples implanted with 12 keV Si" and
annealed showing region etched down from surface to the SiGe/Si interface, reveling
the misfit dislocations that contribute to strain relaxation.
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Figure 5-6. PTEM images of strained Siy 74Geg 26 on Si samples implanted with 12 keV Si" and
annealed at (a) 500°C (b) 575°C (c¢) 650°C (d) 725°C (e) 800°C all for 30 minutes.
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Figure 5-7. Linear dislocation density quantified using PTEM for strained Sig.74Geg26 on Si
samples implanted with 12 keV Si” and annealed for 30 minutes at temperatures
ranging from 500 to 800 °C.
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Figure 5-8. XRD RC spectra for strained Sip74Geg 26 on Si samples implanted with 12 keV Sit
and annealed for 30 minutes at temperatures ranging from 500 to 800 °C.
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Figure 5-9. HRXRD (113) reciprocal space map for strained Sip74Geg26 on Si samples
implanted with 12 keV Si" and annealed at 800 °C for 30 minutes.
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Figure 5-10. Average strain relaxation from RC data for strained Sig 74Gej 26 on Si samples
implanted with 12 keV Si" and annealed for 30 minutes at temperatures ranging from
500 to 800 °C.
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CHAPTER 6
COMPRESSIVE STRAIN: PROXIMITY EFFECT

The epitaxial interface of the strained silicon germanium structures used in this work may
act as a sink for excess interstitials generated during implantation and thus influence strain
relaxation during SPER. It is imperative, therefore, to understand if the proximity of the a-c
interface to the epitaxial interface impacts defect nucleation and thus strain relaxation. To
determine if such an effect is occurring, this experiment varies the depth of the amorphous layer
by varying the implant energy. The quantity of dislocations and degree of relaxation will be
monitored to determine if any relationship is present.

Experimental Design

Structures for this experiment were grown using Reduced Pressure Chemical Vapor
Deposition (RPCVD) at Texas Instruments, Inc. Pseodomorphically strained 50 nm Si; 4 Ge, was
deposited on Si (001) substrate with alloy compositions of 0, 16, 22, and 26 at% germanium.
Post growth, the structures were Si' ion implanted with varying energies of 5, 12, and 18 keV at
a fluence of 1x10'® atoms/cm’ to generate continuous amorphous layers with varying proximity
to the epitaxial interface while confining them within the strained layer. Once implanted,
samples were annealed in a quartz-tube furnace under an inert N, ambient environment.

An isothermal study at 800°C for 5, 30, and 300 minutes was carried out to study the effect
of the proximity of implantation damage and its evolution to the epitaxial interface on strain
relaxation. Ion implantation is a non-conservative process which introduces excess point defects
in the system. At temperatures between 600 and 800 °C, the excess point defects recombine and
the remaining excess interstitials agglomerate and become 311 defects. On further annealing, the
311 defects dissolve and contribute to the coarsening of dislocation loops. These defects are

termed End-Of-Range (EOR) [Bon98, Cri00, Lam99, Nod00, Uem99]. At temperatures above
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800°C, dislocations loops in the EOR coarsen at the expense of smaller loops and 311s. Since it
is likely that strain relieving misfit dislocations may be nucleated at or near the EOR damage
created by ion implantation, the proximity of the EOR damage to the Si/SiGe interface may
influence the number and type of defects formed and hence affect the degree of strain relaxation.
Thus, this experiment varied both strain and implant energy in order to investigate the effect of
the proximity of the EOR to the epitaxial interface on strain relaxation as a function of initial
strain. Once annealed, the strain state and crystalline quality will be characterized.

A Pananalytical MRD X’Pert was used to obtain XRD Rocking Curves (RC) and
Reciprocal Space Maps (RSM) to obtain the degree of relaxation observed post anneal. A JEOL
2010F high-resolution transmission electron microscope (HRTEM) and a JEOL 200CX TEM
were used to study cross-sections (XTEM) of the regrown layer. Samples were prepared using a
Dual-Beam FEI Strata DB 235 Focused Ion Beam. XTEM measurements were used to confirm
the amorphous layer depth and layer thicknesses. Plan-view (PTEM) samples were also prepared
and imaged using a JEOL 200CX operating at 200kV using g»,o weak-beam dark-field (WBDF)
imaging to quantify dislocation density.

Results

As-Implanted Sample Analysis

Analysis of the as-grown samples can be found in the previous chapter. The experiment in
this chapter varies the implant energy in order to change the proximity of the a-c interface to the
epitaxial interface. All implants were tailored to be confined within the strained layer. Previous
work suggests that the amorphization threshold decreases with increasing Ge concentration due
to a decrease in binding energy [Hay92, Lie93, O’Ra96]. The amorphous depths of the implants
in this work were measured using XTEM and are presented in Figure 6-1. XTEM of as-

implanted SiGe and Si samples confirmed that the amorphous depths varied with higher Ge
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concentrations and higher implants energies, in agreement with prior findings. The varying
initial amorphous depth complicates the experiment by altering the final interstitial profile and
thus will alter the quantity of excess interstitials. If this is the case, and if the defect nucleation
and density is dependent on the number of interstitials present, the effect will be observed in the
quantitative PTEM study.

Proximity Effect Experiment

Two major variables were varied in this experiment: magnitude of strain and implant
proximity. First, the result will be presented in terms of strain. All Ge compositions were
implanted with 12 keV Si" and annealed at 800 °C for 30 minutes. The XRD (left column) and
XTEM (right column) data for all concentrations of Ge is presented in Figure 6-2. XRD (004)
RC of the as-grown and as-grown annealed cases are accompanied with the implanted and
annealed case to confirm that any enhanced relaxation is due to the SPER process alone. The as-
grown and annealed sample shows no change in peak position but has a slight decay in peak
amplitude due to the formation of misfit dislocations as seen in PTEM (not shown). With
increasing Ge, this effect is accompanied with a slight peak shift indicating a slight relaxation
due to anneal alone.

After implantation and anneal of the 16% Ge sample, thickness fringes are still present in
the XRD RC spectra indicating that the epitaxial interface is still accommodated elastically,
presented in Figure 6-2 (a). As the Ge composition is increased, Figure 6-2 (c¢) and (e), an
absence of these fringes is observed indicating that the interface has been compromised. Also,
with increasing strain, the defects increase in density and the degree of strain relaxation
increases. The percent strain relaxation indicated above the XRD spectra is the average
relaxation of the implanted and annealed case. The average degree of strain relaxation increases

with increasing strain as shown by the peak broadening and peak shift in the RC spectra. This
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increased relaxation and decreased crystalline quality is confirmed using XTEM images. For the
16% Ge sample, Figure 6-2 (b), the defects are near the surface and do not propagate down to the
interface. Thus, negligible strain relaxation was observed. In the case of the highest strained
sample, 26% Ge, the defects propagate down towards the interface, as seen in Figure 6-2 (f) and
is accompanied with a higher magnitude of strain relaxation. The quantity and depth of the
regrowth related defects also increases with increasing Ge, as observed by comparing Figure 6-2
(b,d, and f). This is observed with the increasing relaxation and decreased crystalline quality in
the XRD data as a function of Ge content.

A similar comparison is made in terms of implant proximity. The XRD and XTEM data of
the 16% Ge samples implanted with 5, 12, and 18 keV Si" and annealed for 30 minutes at 800 °C
are presented in Figure 6-3. For the 5 and 12 keV implanted samples, all of the peak oscillations
are still present and indicate that the interface is still intact though these samples show an
additional decay in amplitude due to defects present in the regrown layer. A slight peak shift is
also observed and indicates strain relaxation less than 1%. The 18 keV implanted case, with the
closest proximity to the interface, shows a larger peak shift indicating greater relaxation and an
absence of the fringes indicating that the interface uniformity has been disrupted. In Figure 6-3
(b-d), XTEM corroborates the XRD results by showing an increase in both depth and density of
regrowth related defects with increasing interface proximity (increasing implant energy). These
results suggest that the degree of relaxation is largely dependent on proximity of the a-c interface
to the epitaxial interface.

Further examination of all samples using PTEM elucidates the defect microstructure and
density. All samples in the experimental matrix were annealed at 800 °C for 5, 30, and 300

minutes. The PTEM for the 30 minutes annealed samples are shown in Figure 6-4. PTEM
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images provide a two dimensional representation of the defects; defects that extend deeper into
the substrate will appear to have longer segments. This is observed with increasing proximity
(implant energy). The results observed in XTEM are further confirmed in these PTEM images.
For the 16% Ge case, the quantity of defects appears smaller in the lower implant energies due to
the dependence of defect formation on the depth of the implant. The same can be said for the
higher Ge samples, the defect segments appear to be longer with increasing implant energy,
therefore, the defects extend deeper into the layer.

One advantage of PTEM is the ability to observe the microstructure and to quantify the
defects. A linear dislocation density is quantified perpendicular to the direction of the g vector.
The defect density calculated in this manner is presented in Figure 6-5 and is accompanied with
the relaxation data from the XRD RC. The strain relaxation and proximity both have a linear
relationship to initial strain (% Ge) and show the effect of proximity on the relaxation process.
The stability of these defects was examined with isothermal anneals. The defect density for the
18keV case, annealed at 800 °C for 5, 30, and 300 minutes, is presented in Figure 6-5. This plot
shows that neither the microstructure nor the defect density changes with further annealing.
These results indicate that the defects are quite stable at 800 °C. Finally, the average degree of
relaxation for the proximity experiment is summarized in Figure 6-7. The increase in relaxation
is observed as the a-c interface is placed closer to the interface and as the initial strain level (%
Ge) is increased.

In summary, the results show that the relaxation and subsequent defects are dependent on
both initial strain magnitude and proximity of the implant to the epitaxial interface. The

implications of these results will be discussed in the next section.

141



Discussion

Most of previous SPER experiments have been conducted using highly metastable SiGe
layers of more than 200 nm thick and amorphizing implants passing through the Si/SiGe
interface [Ang07, Hon92, Lee93]. The results from these experiments showed defect nucleation
once the a-c interface passed the Matthews-Blakeslee (M-B) critical thickness [Mat74]. The
authors of these works attributed the defect nucleation and subsequent strain relaxation to be
related to the theoretical critical thickness. Additionally, similar work was done in thinner
layers, around 30nm, with amorphous layers also passing through the Si/SiGe interface [Chi89,
Rod97]. The results from these experiments also showed a relationship to the theoretical critical
thickness. Rodriguez et al. conducted an experiment with both doped and undoped samples and
found that the doped samples regrew past the M-B critical thickness before defects were
nucleated. The authors, therefore, concluded that the critical thickness was altered due to a
decrease in strain with dopant incorporation [Rod97]. According to M-B criteria, all of the
experimental structures in this work are grown in a metastable state with the strained SiGe layer
thicker than the critical value. If a similar relationship to M-B critical thickness is observed upon
regrowth, the strained samples in this study should regrow with no defects or loss of strain within
the following distances from the Si/SiGe interface: 16% 20nm, 22% 13 nm, and 26% 10 nm
[Mat74]. Above these values, defects should nucleate and extend to the surface of the wafer.

The proximity experiment results, however, are contrary to the previous findings. The
defect-free thickness (critical thickness) for all samples in this study is plotted against M-B
critical thickness in Figure 6-8. The M-B criterion is observed for samples with lower strain and
implant energy combination. However, at a critical strain and implant energy combination,
defects are observed below the theoretical calculations. The difference in relaxation mechanism

is key to the understanding of this discrepancy. M-B criterion is based on an energy balance in
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which the stability is described by relative energies of the two competing interfacial structures.
The energy to generate a dislocation and the elastic energy for strain compensation is balanced to
determine the critical thickness [Mat74, Van63]. The assumption is that the strain is
accommodated by generation of 60° misfit dislocation. However, as seen in the results from the
prior chapter, the relaxation is accompanied by defect nucleation due to the roughening of the a-c
interface. Furthermore, these defects are regrowth-related. The nucleation of defect introduction
is this work is not similar to the kink model and generation of misfits as described by M-B and
thus cannot be used to determine the critical thickness for SPER breakdown observed in these
samples.

As predicted by Srolovitz and discussed in Chapter 5, the a-c interface increases in
roughness until an equilibrium perturbation is reached [Sro89]. Hairpin dislocations are formed
when the competing growth fronts of the rough a-c interface meet during regrowth. Therefore,
shallower implants like the 5 keV do not have time to reach this equilibrium before regrowth is
complete, resulting in a lower wavelength than the deeper implanted samples. Since the
equilibrium wavelength dictates when the defects are nucleated, shallower implants will nucleate
a lower number of defects. With the deeper 12 and 18 keV implants the layers are deep enough
to reach their equilibrium wavelength before regrowth is complete. This explains why a higher
number of defects are observed when deeper implants are performed. Also, by comparing the
PTEM in Figure 6-3, it can be seen that the defect density reaches saturation with a deep enough
implant. This corresponds to the equilibrium value of the roughness wavelength. Furthermore,
the stability of the defect density at longer anneal times, presented in Figure 6-5, indicates that
once the defects are nucleated as the a-c perturbation reaches equilibrium and SPER commences,

no further growth or evolution of the defects is observed. More importantly, there is no evidence
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of the regrowth defects gliding down to the interface upon further annealing as observed in the
tensile strain case and discussed in Chapters Three and Four. Instead, below the critical strain
and proximity the defects are contained within the layer.

These observations support the conclusion that the relaxation behavior is different when
implants are contained within the layer than when they are performed though the layer.
According to the critical thickness criteria, the proximity of the implant should not play a major
rule in the relaxation or depth of defect nucleation. Regrowth should always be defect-free
below the critical thickness. This difference is likely due to the localized strain increase due to
implantation and the regrowth taking place within the strained layer itself. Specifically, the
impact of the implant to the strain state must be considered. Placing the implant within the layer
will impact the strain magnitude of the layer [Gla97, Kri95b, Lie95]. The point defects
generated by the implant add to the overall magnitude of strain and place it in a higher state of
compression. Thus, the proximity of the projected range in relation to the epitaxial interface will
impact the amount of strain in the material. This, in turn, impacts the location of defect
nucleation as observed. Another variable to consider with varying implant energy is the net
interstitial population contributing to defect nucleation. Prior work by Gutierrez [GutO1b] and
King [Kin03] have shown that the net interstitials do no change as a function of energy at these
low energies and the proximity of the damage to the surface does not have an effect on the
trapped interstitial population. Since the interstitials in the strained SiGe sample did not
agglomerate as observed in Si, the trapped interstitial population could not be determined.

Another important observation is that the regrowth-related hairpin defects are seen to
extend deeper into the film than the original a-c interface. This has not been reported in prior

work. As the anneals were done at a higher temperature, a higher thermal budget was seen by
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the samples after regrowth was complete. It is thus possible that another mechanism was being
activated once regrowth was complete, namely dislocation climb. Climb generally occurs at
temperatures greater than half of the materials melting point [Hir68, Rea53] which is true for this
case. Climb is a point defect diffusion process and occurs by diffusion of either vacancies or
interstitials. It is assumed that a large number of free interstitials exist within the SiGe layer
since no agglomeration of point defects is observed. These “free” interstitials are thus readily
available for mediating motion and elongation of the hairpin defects below the original a-c
interface. This reasoning could explain the discrepancy in the XRD and PTEM data presented in
Figures 5-7 and 5-10, where the dislocation density remains constant as a function of anneal
temperature but the XRD data shows further relaxation after annealing above 700 °C. To
confirm this hypothesis, further experiments are needed that alter the point defect population
while keeping the proximity constant.

Conclusion

The relaxation of the regrown layer is quite different when the strain is in a state of
compression versus tension. For the compressive state, results have shown that defects were
nucleated when the competing growth fronts of the rough a-c interface meet during SPER. The
a-c interface roughness is shown to increase with increasing initial strain. The defect density
also shows a similar trend. Therefore, it is evident that there is a correlation between a-c
interface roughness and defect density. These defects are also stable and reach saturation beyond
a critical strain and implant depth. The defect nucleation is highly dependent on both strain and
proximity of the implant. Additionally, lower strain and shallower implant depths cause the
formation of a localized layer of defects that do not extend down to the epitaxial interface even
after further annealing. While this region above the a-c interface regrows with poor crystalline

quality and an abundance of hairpin dislocations, these dislocations remain confined within the
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regown region and do not affect the strain at the Si/SiGe interface. The hairpin dislocations do,
however, cause some localized strain relaxation as observed with XRD measurements. At higher
strain (above 22% Ge) and implant energies (above 12 keV), the entire SiGe layer is defective
and further strain relaxation is observed. Overall, this is contrary to the tensile case where the
regrowth defects always extend down to the epitaxial interface after regrowth regardless of the
initial a-c interface position. These regrowth related defects were observed to nucleate misfit
dislocations and cause further relaxation than annealing alone (no implants).

It is therefore plausible to conclude that the critical thickness is varied when the implant is
contained within the layer versus one that is performed though the layer. This is likely due to the
localized strain increase due to implantation and the regrowth taking place within the strained
layer itself. Additionally, when implants are performed within the layer, the proximity of the a-c
interface placement with respect to the epitaxial interface plays an important role in both defect
nucleation and strain relaxation. Furthermore, the assumptions upon which the Mathews-
Blakeslee critical thickness was calculated cannot be applied to the present case. The relaxation
mechanism itself is quite different as discussed.

In summary, prior works have extensively studied strain relaxation and SPER in
supercritical SiGe films where implants were conducted through the Si/SiGe interface.

However, the effect of implant proximity to the Si/SiGe interface and how it affects defect
nucleation and relaxation for implants within the layer was not well understood. This work
investigates this effect and has deemed it inappropriate to apply Matthews-Blakeslee’s criteria to
these sample conditions. Matthew-Blakeslee’s criteria are calculated under equilibrium
conditions. However, once the implant is conducted within the strained layer, it is a non-

equilibrium process and Matthews-Blakeslee criteria cannot be applied. Also, prior work has
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been deficient in determining the relationship between defect microstructure and strain relaxation
upon SPER. This work has shown a correlation between defect density and strain relaxation.
Additionally, the results in this study conclude that the a-c interface roughening is the dominant

factor in the defect nucleation and that the defects were a/2<110> type dislocations.
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Figure 6-1. Amorphous depth measurements using XTEM for all strained Si; \Gex on Si samples
implanted with 5, 12, and 18 keV Si" shown as a function of Ge concentrations.
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CHAPTER 7
SUMMARY AND COMPARISION

Overview

The effect of an amorphizing implant contained within a strained layer has not yet been
studied, nor has the crystalline quality or thermal stability of such an amorphized region. These
effects may be important for future device structures, as arsenic and phosphorus, both self-
amorphizing implants, are often used to create channel extensions in NMOS devices.
Additionally, Solid Phase Epitaxial Regrowth (SPER) is carried out under strain in stress
memorization techniques. The purpose of this work is to study the effect of these processing
conditions as a function of strain, especially concerning the degree of relaxation, stability after
amorphization and regrowth, crystalline quality of the regrown layer, and proximity of implant to
the heterostructure interface.

Si/SiGe heterostructures were used to study the effect of strain post amorphization and
regrowth. All tensile strained layers in this study are in a metastable state because of the low
temperature growth procedure. Additionally, all compressively strained layers are also
metastable according to Matthews-Blakeslee criteria.

Summary
Tensile Strain Case

Tensile strained Si structures were grown on relaxed Si;xGey (Ge fractions of 0, 10, 20,
and 30) virtual substrates via Molecular Beam Epitaxy (MBE). A 630 nm thick fully relaxed Si;.
xGey layer of corresponding composition was then grown on top of the buffer layer, followed by
a 50 nm strained silicon capping layer [Gai00]. The strain of the structures was experimentally

determined using lattice parameters, obtained from HRXRD. The results from this analysis
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show that the capping layers grown on Si;«Gey with Ge fractions of 0, 10, 20 and 30 correspond
to a Si layer strain of 0, 0.37, 0.74, and 1.1% strain, respectively.

The structures were then implanted with Si” at an energy of 5, 12, or 18 keV and a fluence
of 1x10" atoms/cm’ to generate continuous amorphous layers confined within the strained layer.
Next, isothermal and isochronal anneals were performed in a quartz-tube furnace under an inert
N, ambient environment. These experiments were carried out to determine specific factors that
affect the relaxation process.

The results for the tensile case study are discussed in Chapter Three and Four and are
summarized here. Under biaxial tension there is a critical strain for SPER breakdown that lies
between 0.74 and 1.1% strain. Thus, strained silicon can be amorphized and regrown without
strain relaxation for all Si;«Gex compositions up to SipsGeg, (0.74% strain). For the 1.1%
strained (Siy7Geo 3) sample, the solid phase regrowth of the amorphous layer breaks down and
results in the formation of regrowth related defects within the amorphous region. These defects
then extend back down to the strained Si/ Si;xGey interface upon completion of regrowth. This
is the first observation of regrowth related defects extending below the amorphous/crystalline
interface. Additionally, the EOR evolution and population seems to be altered in the presence of
tensile strain; the evolved dislocation loops are fewer in number especially in the relaxed Si on
Sip7Geo 3 sample. This indicates that, in conjunction with a certain level of initial strain, excess
interstitials are providing a source for the generation of extrinsic stacking faults which then
nucleate misfit dislocation. Thus, implantation increases misfit dislocation density and promotes
further relaxation than annealing alone. The possibility of excess interstitials acting as a source

for misfit dislocation nucleation was further explored in the proximity experiment. In summary,

157



these results indicate that a critical misfit strain between 0.74% and 1.1% results in a breakdown
of the SPER process and the formation of extended regrowth related defects.

These defects nucleated as the a-c interface progresses towards the interface during SPER,
forming regrowth related defects. Once fully regrown, these defects propagate down to the
interface, promoting enhanced strain relaxation of the layer than annealing alone. The regrowth
related defects are primarily stacking faults rather than the traditionally observed hairpin
dislocations. Since strain relaxation was only observed when these regrowth related defects were
present, the results suggest that these defects are contributing significantly to enhanced
relaxation of the strained layer.

Furthermore, the relaxation process is a thermally activated glide process with activation
energy of 0.7 + 0.2 eV. This value is significantly less than the 2.2 eV activation energy for
dislocation glide observed in bulk Si. The difference is theorized to be due to the formation term
in this work being negligible since the defects are formed as a result of SPER breakdown. Thus,
the activation energy in this work is dominated by the migration term. Overall, the relaxation
process is concluded to be a result of dislocation nucleation and propagation via dislocation glide
initiated by the SPER breakdown.

Finally, the results in Chapter Four have shown that the implant damage proximity to the
Si/SiGe interface impacts the degree of relaxation and misfit dislocation density. After a
constant anneal time and temperature, 800 °C for 30 minutes, and varying implant energy
(proximity) the misfit dislocation spacing is observed to decrease with increasing proximity.
Therefore, exhibiting a higher density and observed relaxation as confirmed by HRXRD
measurements. Further analysis using isothermal anneals and PTEM showed that the misfit

dislocations are observed to increase in density for the two lower implant energy cases. The
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highest energy case, already observed complete relaxation at 30 minutes and exhibits constant
misfit dislocation density with further annealing. The PTEM and HRXRD results are consistent
and confirm data observed.

In summary, this experiment has determined that the proximity of the initial a-c interface
depends significantly on misfit dislocation density and strain relaxation. The closer proximity of
the damage to the Si/SiGe interface, the higher the degree of relaxation and higher misfit
dislocation density is observed. Additionally, the results in the Chapter Three showed that the
end-of-range damage population decreased in conjunction with an increase in misfit dislocations.
These results indicate that close proximity of the damage to the interface could influence both
trapped interstitial concentration as well as the degree of relaxation. Therefore, it can be inferred
that the epilayer interface may be acting as a sink for point defects when the implant damage is
placed in close proximity. To confirm this claim, future studies below 800 °C are recommended
to explore the end-of-range evolution and trapped interstitial concentration as a function of
damage proximity to the interface to fully understand the role of excess interstitials to the
relaxation process.

Compressive Strain Case

Compressive strain experimental structures were grown using Reduced Pressure Chemical
Vapor Deposition (RPCVD). Pseodomorphically strained 50 nm Si; Gex was deposited on Si
(001) substrate with alloy compositions of 0, 16, 22, and 26 % germanium. The structures were
then implanted with Si* at an energy of 5, 12, or 18 keV and a fluence of 1x10"° atoms/cm” to
generate continuous amorphous layers confined within the strained layer. Next, isothermal and
isochronal anneals were performed in a quartz-tube furnace under an inert N, ambient
environment. These experiments were carried out to determine specific factors that affect the

relaxation process.
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The results for the compressive case study are discussed in Chapter Five and Six and are
summarized here. First, the a-c interface roughens due to compressive strain and this roughness
increases when the magnitude of strain is increased. The roughness is a strain effect previously
reported in both compressively strained Si [Bar04] and in metastable SiGe films [Ang07, Lee93].
It is also similar to the effect seen in compressively strained epitaxial layers grown via deposition
techniques [Sro89]. With increasing initial strain in the film, there is more strain energy to
compensate by decreasing elastic energy. The balance of these energies yields a minimum
wavelength of the roughness for the a-c interface. This roughness was not observed in the tensile
case.

Defects are nucleated during SPER by the competition of the different direction growth
fronts. Using g ‘b analysis, these defects were determined to be hairpin dislocations with
Burgers vector of a/2 <110> which were first observed by T. Sands [San84]. These defects were
later observed in metastable SiGe SPER [Ang07] and in Si samples implanted with high dose
Ge" to form SiGe via SPER [Cri96]. The a-c interface in these other structures also exhibited
roughness similar to these observations.

In relation to the tensile case discussed in previous chapters, the critical strain for SPER
breakdown is much lower in compression. And the mechanism by which defects are nucleated is
altered. Additionally, no stacking faults were generated in the compressively strained SiGe films
unlike the tensile Si counterpart. However, the dominant factor in the defect nucleation in the
strained SiGe samples is the roughening of the a-c interface nucleating defects as the facets meet.

Experimental results have also shown hairpin dislocation density is stable and not a
function of temperature over the range studied. It does not correlate, therefore, with the strain

relaxation observed via XRD which increases as the anneal temperature is raised. The defects
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nucleate at the meeting of the facets of the rough a-c interface and propagate towards the surface
with the advancing front. It is also observed that these defects do not glide down to the epitaxial
interface. The defective layer is contained between the depth at which defect nucleation
occurred and the surface. At lower strain, there lies a defect-free layer which retained its initial
strain with a highly defective layer near the surface which is fully relaxed. The proximity
experiment results discussed how this defect-free layer is influenced by both initial magnitude of
strain and the proximity of the a-c interface to the epitaxial interface.

The relaxation of the regrown layer is quite different when the strain is in a state of
compression versus tension. For the compressive state, results have shown that defects were
nucleated when the competing growth fronts of the rough a-c interface meet during SPER. The
a-c interface roughness is shown to increase with increasing initial strain. The defect density
also shows a similar trend. Therefore, it is evident that there is a correlation between a-c
interface roughness and defect density. These defects are also stable and reach saturation beyond
a critical strain and implant depth. The proximity experiment shows that the defect nucleation is
highly dependent on both strain and proximity of the implant to the epilayer interface.
Additionally, lower strain and shallower implant depths cause the formation of a localized layer
of defects that do not extend down to the epitaxial interface even after further annealing. While
this region above the a-c interface regrows with poor crystalline quality and an abundance of
hairpin dislocations, these dislocations remain confined within the regown region and do not
affect the strain at the Si/SiGe interface. The hairpin dislocations do, however, cause some
localized strain relaxation as observed with XRD measurements. At higher strain (above 22%
Ge) and implant energies (above 12 keV), the entire SiGe layer is defective and further strain

relaxation is observed. Overall, this is contrary to the tensile case where the regrowth defects
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always extend down to the epitaxial interface after regrowth regardless of the initial a-c interface
position. These regrowth related defects were observed to nucleate misfit dislocations and cause
further relaxation than annealing alone (no implants).

It is plausible to conclude that the critical thickness is varied when the implant is contained
within the layer versus one that is performed though the layer. This is likely due to the localized
strain increase due to implantation and the regrowth taking place within the strained layer itself.
Additionally, when implants are performed within the layer, the proximity of the a-c interface
placement with respect to the epitaxial interface plays an important role in both defect nucleation
and strain relaxation. Furthermore, the assumptions upon which the M-B critical thickness was
calculated cannot be applied to the present case. The relaxation mechanism itself is quite
different as discussed.

In summary, prior works have extensively studied strain relaxation and SPER in
supercritical SiGe films where implants were conducted through the Si/SiGe interface.

However, the effect of implant proximity to the Si/SiGe interface and how it affects defect
nucleation and relaxation for implants within the layer was not well understood. This work
investigates this effect and has deemed it inappropriate to apply Matthews-Blakeslee’s criteria to
these sample conditions. Matthew-Blakeslee’s criteria are calculated under equilibrium
conditions. However, once the implant is conducted within the strained layer, it is a non-
equilibrium process and Matthews-Blakeslee criteria cannot be applied. Also, prior work has
been deficient in determining the relationship between defect microstructure and strain relaxation
upon SPER. This work has shown a correlation between defect density and strain relaxation.
Additionally, the results in this study conclude that the a-c interface roughening is the dominant

factor in the defect nucleation and that the defects are a/2<110> type dislocations.
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Comparison

The relaxation of the regrown layer is quite different when the strain is in a state of
compression versus tension. The main reasoning behind the difference is in the manner in which
the defects are nucleated. The advancing a-c interface is planar under tension and is observed to
roughen under compression. This roughness was observed to increase with increasing initial
strain value. Thus, the mechanism of defect nucleation differed for each case. In tension, it was
observed to be caused by the formation of regrowth related defects. These defects then glide
down to the Si/SiGe interface and promote further growth of misfit dislocations. In compression,
the defects nucleated when differently oriented growth fronts meet. These defects are perfect
dislocations and are termed hairpins and have been observed previously. In both cases, the
defects were observed to propagate below the original a-c interface; the first observations of such
an event. In tension, the defects are concluded to be mediated via dislocation glide mechanism.
In compression, it is hypothesized to be dislocation climb. Further analysis is needed to confirm
this claim.

Future Work

Dissolution rate of {311} defects under tension. In this work, defect evolution of the
EOR under tensile strain was observed to be altered. Under tensile strain, {311}s are stable after
45 minutes at 800 °C while they are only stable in unstrained Si for 5 minutes at this
temperature. Thus, the dissolution rate of {311} dislocation seems to have been affected by
tensile strain. It is known that interstitials are more stable in tension than in compression.
Antonell et al. showed that increasing biaxial tensile strain significantly reduces the activation
energy of interstitial formation [Ant90]. In order to study the true effect of tensile strain on
{311} dissolution, utilization of a strained structure without the close proximity of a sink, as

exists in this work, is needed.

163



Confirmation of climb mechanism in compression. The results from the samples in
compression suggest that the hairpin dislocations are propagating towards the epilayer interface
via dislocation climb motion. Climb is mediated though diffusion of point defects. One method
to confirm both the dislocation climb mechanism and the role of excess interstitials to the
relaxation process under compression is to design an experiment such that the net interstitial
population is altered yet the implant species and a-c interface depth is kept constant. This
experiment can be carried out by the use of low temperature implantation. Lowering the implant
temperature increases the amorphization efficiency thereby producing a deeper a-c interface
depth with less energy compared to an equivalent implant carried out at room temperature.
Designing the experiment in this manner will not increase complexity of the experiment by
introducing additional variables whose effect cannot be determined. This was found to be the

case with the BisHa cluster implant experiment discussed in Appendix C.
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APPENDIX A
STRESS-STRAIN CONVERSION

The experimental results in this work may be discussed in terms of either stress or strain.
The selection of strain as the metric of choice is preferred since it can be directly calculated from
XRD results and using Bragg’s law to obtain lattice parameters of the layer and substrate. In the
event the reader would like to compare the results herein to a work that presents results in terms
of stress, the equivalent stress values in GPa for both the strained Si and strained SiGe structures

are presented in Tables A-1 and A-2, respectively.

Table A-1. Stress-strain conversions for strained Si on Si;_Gey.

Strain Stress
Si on Si0.9Ge0.1 0.0037 0.62 GPa
Si on Si0.8Ge0.2 0.0074 1.25 GPa
Si on Si0.7Ge0.3 0.0110 1.86 GPa

Table A-2. Stress-strain conversions for strained Si;.Gey on Si.

Strain Stress
Sigg4Geo.160n Si -0.0065 -1.10 GPa
Sig78Geo on Si -0.0090 -1.52 GPa
Sig74Geo26 0n Si -0.0107 -1.81 GPa
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APPENDIX B
AMORPHOUS-CRYSTALLINE INTERFACE RELAXATION

Strained 50 nm Si;.<Gex was deposited on Si (001) substrate with alloy compositions 26%
Ge and strained Si was deposited on Si; 4 Gey virtual substrate with alloy composition of 30% Ge.
The as-grown structures were characterized using TEM and XRD techniques in order to ensure
proper growth of strained films. Post growth, the structures were implanted with Si” with an
energy of 12 keV at a fluence of 1x10'° atoms/cm” to generate a 30 nm continuous amorphous
layer confined within the strained layer. Anneals were performed in a quartz-tube furnace under
an inert N, ambient environment.

The experiment consisted of an isothermal study at 500 °C performed to investigate defect
nucleation and propagation in the strained film. Anneal times were 15, 30, and 45 minutes.
With these times and temperature, the regrowth velocity is slow enough that the amorphous-
crystalline (a-c) interface will be captured before complete regrowth has taken place. This
allows observation of defects as they nucleate and grow with the use of XTEM. The result from
this experiment is discussed in Chapter five. Additionally, a preanneal of 400°C for 60 minutes
was conducted prior to the 500°C anneal to relax and planarize the a-c interface before initiation
of SPER, this is also called a relaxation anneal. XTEM micrographs of the preanneal, shown in
Figure B-1, planarized the a-c interface prior to regrowth. Similar low temperature preanneals,
also have been conducted to planarize the a-c interface in prior work [Kin03, Ban00]. The
roughness of the a-c interface post regrowth is similar to samples annealed without the relaxation
anneal. These results conclude that the relaxation anneal prior to SPER does not change the a-c

interface morphology.
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Figure B-1. XTEM of samples implanted with B;sH cluster (a) 26% Ge annealed for 400 °C 60
minutes (b) 26% Ge annealed for 400 °C 60 minutes followed by 500 °C 30 minutes
(c) 30% Ge annealed for 400 °C 60 minutes (d) 30% Ge annealed for 400 °C 60
minutes followed by 500 °C 30 minutes. Arrows indicate a-c interface and hatched
white lines indicate epitaxial interface.
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APPENDIX C
BORON CLUSTER EXPERIMENT: EFFECT OF EOR POPULATION

P-type devices are traditionally implanted first with a Pre-Amorphizing Implant (PAI)
prior to boron implantation to avoid channeling of the smaller boron atom through the silicon
lattice thus achieving shallower junctions. Octadecaborane (BsH»») cluster ion enables the
elimination of the PAI step due to its ability to amorphize the implanted region while achieving
shallower junctions [Heo06, Kru06, Sek07]. The goal of using this cluster ion is to reduce the
End of Range (EOR) damage from the PAI which causes leakage currents and enhanced
diffusion.

The octadecaborane was implanted into the highest tensile (Si) and highest compression
(SiGe) samples. The implant was carried out at a fluence of 1 x 10 "*/cm” at an equivalent
energy of 4 keV. This implant generated an amorphous layer ~ 15 nm in depth, XTEM shown
in Figure C-1, the same depth as the 5 keV conventional Si" implant as discussed in the
experimental chapters of this work. The as-implanted amorphous-crystalline (a-c) interface is
not as planar as a conventional implant. It is observed to be quite non-uniform as shown in a
high resolution XTEM image, Figure C-2. Rough initial a-c interface has been shown by
previous work to nucleate defects upon regrowth [San84]. Since the strain samples in this work
already nucleate regrowth related defects, it is difficult to separate out the rough a-c interface
versus the strain contribution.

PTEM images, taken under g,,0 WBDF conditions, are presented in Figure C-3 for the
highest tensile and highest compressive case implanted with either 5 keV Si" or BysHy, cluster
implants and annealed at 800 °C for 30 minutes. The misfit dislocation spacing (or density)
difference between the implant conditions is not significant enough to determine whether the

boron cluster case observed a reduction. This is true for both strain cases. Analysis using XRD
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is used to further study this difference. The degree of relaxation obtained from lattice parameters
measured via XRD is shown in Figure C-4. In compression, according to XRD results, no
difference is degree of relaxation is observed. However, in tension, the conventional implant
undergoes a higher degree of relaxation than the boron cluster case. This difference is not
noticeable in the PTEM images, the difference between the two cases should exhibit an average
misfit spacing difference of ~30 nm. Furthermore, from results presented in Chapter Four, the
effect of excess interstitials to the degree of relaxation is enhanced with closer proximity to the
Si/SiGe layer. To fully understand and determine a difference, the B cluster implant must be
placed closer to the epilayer interface at a proximity where further relaxation was observed.

In summary, the highest tensile and highest compressive samples were implanted with
either conventional Si” or B” cluster implant to yield amorphous layers of the same depth. The B
cluster implant was used to reduce the EOR, thus reducing the amount of excess interstitials
available to contribute to relaxation. The results show inconclusive data, the difference in degree
of relaxation and misfit density is not significant enough to determine an affect. The implant
needed to be generated closer to the interface where the relaxation and misfit density was
enhanced (refer to proximity results in chapters Four and Six). To fully understand the
dependence of interstitial population to the relaxation process, an ideal experiment would
involve same species implantation with identical a-c interface depth while changing the net
interstitial population. Additionally, implanting boron into the strained samples adds an

additional variable to the experiment, whose influence is difficult to separate out.
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Figure C-1. XTEM of as-implanted with B gH»; cluster at equivalent energy of 4 keV into Si
(100) substrate.
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Figure C-2. High-resolution XTEM of as-implanted B gH», at equivalent energy of 4 keV into Si
(100) substrate showing a rough a-c interface.
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Figure C-3. PTEM images of (a) strained Siy 74Geg26 on Si implanted with 5 keV Si" and (b)
implanted with B;gH»; and of (¢) strained Si on Siy7Gey 3 implanted with 5 keV Sit
and (d) implanted with B;gH»,. All samples annealed at 800 °C for 30 minutes.
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