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ABSTRACT

MODELING AND SIMULATION OF COMPOSITIONAL ENGINEERING IN SIGE
FILMS USING PATTERNED STRESS FIELDS
Daniel Kaiser
Prof. Talid Sinno

Semiconductor alloys such as siliegarmanium (SiGe) offer attractive
environments for engineering quantwonfined structures that are the basis for a host of
current and future optoelectronic devices. Although vertical stacking of such structures is
routinely achieved via heteroepitaxy, lateral manipulation has proven much more
challenging. | describe a new approach that suggests that a patterned elastic stress field
generatedvith an array of nanoscale indentersan initially compositionally uniform
SiGe substrate will drive atomic interdiffusioleading to compositional patterns in the
nearsurface region of the substrate. Whihestapproach may offer a potentially efficient
and robust pathway to producing laterally ordered amaggianturaconfined structures,
there is darge set of parametemmportant to the process. Thus, itdigficult to cansider
this approachusing only costly experiments, whictecessatesdetailed computational
analysis.

First, | review computational approaches to sating the long length and time
scales required for this process, and | develop and present a mesoscopic model based on
coarsegrained lattice kinetic Monte Carlo that quantitativadgscribesthe atomic
interdiffusion processes in SiGe alloy film subjectedapplied stress. | show that the
model provides predictions that are quantitatively consistent with experimental

measurementsand | examine the impact of basic indenter geometries on the patterning
iii



process Second | extend the model to investigate thenpact of several process
parameterssuch asmore complicatedndenter shapeand pitcles | find that certain
indenter configurations produce compositional patterns that are favorablesdoas
lateral arraysof quantumconfined structures. Finally, measurea set of important
physicalparameters,thesoa | | e d 0 a c tsdthatadsdrilmes th immatt of siress

on diffusion. The values of these parametersnatewel established in the literaturé.
make quantitative connections to the range \ailues found in the literature and
characterie the effects of different stress states on the overall patterning préoesby,

| conclude with ideas about alternative pathways to quantum confined structure

generation and possible extensions of the framework developed.
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Figure 7.1.Residual hydrostatic stress components along the top layer of LKMC cells
following removal of the identer for the80 nmdiameter wire indenter (maximum
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Chapter 1. Introduction

At the heart of all electronic and optoelectronic devices fabricated on
semiconductor substrates arewgdt compositional transitionSuch transitions may be
the result of the joining of two dissimilanaterialg 1], the growth of one material onto a
substrate of anoth¢R], or be created in a single material that is compositionally altered
in a spatially varying manneAn example of the latter case is the ubiquitous siligon
junction which is formed by doping adjacent regions in a pure silicon wafér wit
electrondeficient (e.g., boron) and electroich (e.g., arsenic) chemical sped8k

The creation of compositional transitions at very small length scales may be
regarded as the essential goal of conventionatamiectronc device processingdere,
lithographic patterning, in which a masking material is used to create highly structured
apetures for introducing dopan{4], is combined with some means of introducing the
various dopant species into the semiconductor substrate, typicallyfisiah [5] or ion
implantation[6] followed by thermal annealing'his sequence of steps is often combined
with deposition of multiple layers of material on the base substrate in orderiltb
increasingly complex structurgg]. This overall strategy is a classic example otaled
6tdpwnd processing whereby the device feat
at the same scale as the features.

The robustness of this approach in the face of continualisinking device
feature lengths, as originally predicted by Gordon Mo¢8, has been truly
remarkabl® as shown inFigure 1.1, todays devices are fabricated with features

appoaching just a few nanometeM/hi | e t he end of Moor ebs



prematurely predicted for a number of years, it is inevitable tthea current materials

and/or approaches to semiconductor dewadteitation will have to evolvén this regard,

much research emphasis has beuepnd pfladbcredc aod i
whereby spontaneous selfganization or seldassembly is dven and guided to produce

structures that are otherwise inaccessible witlditional topdown techniquesThe
realization of this goal wi || not only ex

expected to make feasible the fabrication of a host ofeleatronic and optoelectronic

devices.
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Figure 1.1. Shrinking of computerchip length scales with timeRerfect exponential
shrinking law, as predicted byddre, is shown with green linAdapted from ref[9].



A well-studied example of this type of process is the spontaneous formation of
well-defined, threadimensional islands observed durihgteroepitaxial deposition (by
any technique, such as molecular beam epitaxy (MBE), chemical vapor deposition
(CVD), or physical vapor deposition (PVD)) of structurally similar, but lattice
mismatched materials, such as semiconductors (e.g., Ge on BA®oh Gahs) and
metals (e.g., Au on Ag)fsenerally, the atomistic details of the heteroepitaxial deposition
process are strongly influenced by the degree of lattice mismatch, which creates misfit
strain and ina@ases the energy of the systekhlow levels of mismatch, the deposited
adatoms fully wet the surface and lead to ldyetayer, or Frank van der Merwe, growth
(Figurel.2(a)); an example of this type of grdwis observed in the Ag/Au heterosystem.
At high degrees of mismatch, no wetting is possible and the deposited species
immediately forms thredimensional islands directly on the substrate with a very wide
size distribution; this is the smlled VolmerWeber growth modeRigure 1.2(b)). In
between these extremes, at moderate levels of lattice mismatch, a wetting layer is formed,
upon which further deposition leads teetformation of threelimensional islands with
relatively good size and spatial distribution uniforrditthis is known as the Stranski
Krastanov (SK) growth modeFigure 1.2(c)). It has been observed and studied in a

variety of semiconductor heterosystems including InAs/GaAs and Gegarél.3).
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Figure 1.2. Schematic representation of three epitaxial growth pathways, starting from
one monolayer of aerage to increasing coveradaken from ref[10].

Figurel.3. (a) InAs dots on GaAéscale 100 nm)Taken from ref[11] (b) Pyramid/hut
(P) and dome (D) nanagters of Ge/Si (30% Ge) on Scale ~D nm).Taken from ref.
[12] (c) Ge hut cluster on §scan area is 40 nm 40 nm and islandheight is 28nm).
Taken from ref[13].

Scientific interest in the semiconductor islands formed by SK heteroepitaxial
growth stems from their potential use as thadeeensiondly quantum confined
structures. Generally, quantum confinement aacs as the lengtlscale of a bulk

semiconductor material is reduced to the nanoscale. Here, the band gap of the material,
4



which determines the available electron energy states, is altered such that electrons can
only occupy certain energy levels, restrigtthe energetic density of states ($égure

1.4). The restriction increases as the dimensionality of confinement increases: quantum
wells (Figure 1.4(b)) exhibit one dimension of confinement, quantum wikagyre 1.4

(c)) exhibit two dimesions of confinement, and quantum ddtgyqre 1.4(d)), exhibit
confinement in all three dimension&/hile confinement in each dimension leads to some
discretizationof the bulk material denskgf-states, thredimensional confinement is
particularly exciting because the electronic density of states of QDs are fully discrete and
open up the possibility for creating devices with new capabilities, such as quantum
encrygion and quantum computind4-17]. Although a robust way to produce large
arrays of highly uniform and addressable quantum dots has not yet been demonstrated,
guantum wells are in routine use in a variety of optoelectonic devices such agligsers
infrared photodetector$19], and solar cell§20]. This is because while, it is quite
straightforward to modulate the composition of deposited layers in the direction of
growth to produce a sequence of thin layers of material with differing electronic band
structures, it is much more diffidulo achieve this modulation in the lateral directions

(perpendicular to the growth direction).
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Figure1.4. (a) Bulk material with no quantum confinement and a continuous density of
energy stategb) Quantum well, a material with ofdBmensional quantum confinement,
and a reduced energy density of states (c) Quantum wire, a material with two
dimensional quantum confinement, and a further reduced energy density of states (d)

Quantum dot (QD), or threeirdensionally quantum confined material, with delta
functionfor energy density of stateBaken from ref[21].

The fundamental challenge of creating highly uniform arrays of QDs on

semiconductor substrates has ateda large amount of attentidn.general, approaches

to increase size and spatial uniformity have been aimed at overcominghérenity
random or stochastic nature of island nucleation by prepatterning the surface in some
mannerto create preferential islangucleationsites Selected examples are shown in
Figurel.5. In (a), it is observed that aBi;.xGe, layer grown on Si roughens, leading to
undulations in theadlayer, due to thésaroTiller-Grinfeld (ATG) instability in the
system[22]. The ATG instability arisefrom a competitiorbetween surface energy and
elastic (mismatch) energy. Ge atoms in SikGe, migrate toward the peaks of the
undulations to reside in regions with a lattice parameter closest resembliGe3R2].

If Si is deposited on top of the SiGe, layer, followed by another layer of ;SGe,,

correlation is observed between the positioningirmdulations (see, e.dgrigure 1.5(a)).

6



These fistackedod undul ations are seen to gl
surface of thesuperlattice(e.g, Figure 1.5(b)). A second approach to ditgry Ge SK

growth depose#d Ge on a Si surface that contathsteps, as islands are seen to
preferentially nucleate at the step locatip2g. In one example of this approach, miscut

Si (001) is used as a substr@®3]. A Si buffer layer is then grown on the substrate,

leading to a faceted surface with different orientations ((001) ang), kB-10), with the

(001) facets being the preferred island nucleation locat®ubsequent deposition of Ge

leads to dots nucleating an ordered fashioffrigure1.5(c)).

Anotherstudyemployeds ur f ace fApitso generated in t
preferential nucleation sitd24]. Here,a two dimen®nal array of holes in a (001) Si
substratavas createdia lithography and reactive ion etching, followed by a buffgera
of Si. Upondeposition, Ge islands are seen to nucleate in adtmensionally ordered
manner (Figure 1.5(d)). A second lithographic surface prepatterning approgzd)

(Figure 1.5(e)) usel patterned lines of oxiden Si (001) as a substrate. this caseGe

islandswereobservedto nucleatepreferentially inalignment with the Si stripes.

Finally, altering the surface chemistry of the substrate can yield desirable control
over the dot formation poess.One study usal Ga ion implantationnto an Si(100)
surface to create eferential nucleationsites for Ge island nucleatiof26]. The

subsequently nucleated dots are sedyeteery well ordere@igure1.5(Ff)).

Thesesurface prepatterningpproaches are all at least somewhat successful at
achieving spatial and size uniformity isfandsformedduring SK growth. Howevern is

important to note that nucleation, in general, is very difficult to modulate because it is



usually a strongly drivenrpcess making neaperfect uniformity in island size and
distribution virtually impossible to achieve. In addition, given the strong driving force

toward nucleation, annealing away undesirable surface features is also very difficult.
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Figurel.5. (a) SipsdGesdSi supelattice with ATG undulationsTaken from ref[27] (b)

Ge dots aligning with undui@ns in Si/SiGe superlattic&aken from ref[28] (c) Bright

Ge islands grown on vicinal Si (001)Taken from ref.[23] (d) Lithography/RIE
(Reactive lon Etchinggreated pits lead to patterned Ge ddaken from ref[24] (e)
Atomic Force Microscopy scan and schematic of Ge dots on Si surface with patterned
oxide. Taken from ffie[25] (f) Patterned Ga ion implanted seen to guide nuceaites

for Ge islands on StTaken from ref[26].
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1.1  Surface Stress Mediated Patterning of Compositional Rearrangement

As discussed in the preceding sectidre humerous experimental studies aimed
at controlling StranskkKrastanov growth of discrete islands on a semiconductor surface
are limitedby the highly driven nature of nucleation during the island formation process.
A novel variation on the general theme of stnessliated compositional evolution to
form structures with potential quantum confinement properties was demonstrated i
pioneeing studyby Hung and ceworkers[29]. Here,a GaAsbased multilayer structure
was grown viaMBE, in whicha thin layer of GaAs containing an excess of As atoms was
sandwched between two AlGaAs layers (deigurel.6(a)). Sripes ofInGaAs were then
lithographically patterned onto the heterostructure. Since InGaAs has a larger lattice
constant than GaAs (7.1% larger for InAg)calized stress fields were generated within
the sandwiched GaAs layddpon annealing, precipitates were found first to nucleate
homogeneously within the sandwiched GaAs layer, but eventually coarsened
preferentally in regions below the stressor strip@sgure 1.6(b)). Moreover, the size
distribution of the ordered precipitates was found toréasonablynarrow. These
observations are consistent wittature of the nucleation process, discussed in the
preceding sectignalong with the weaker driving conditions governing grewth and
coarseningrocessethat are more amenable to the influence of the patterned stress field

[30, 31].

10



(a) (b)

AlGaAs

=

GaAs{ g el

AlGaAs

Figure 1.6. (a) Schematic of InGaAs lines on the surface of the AlGaAs/GaAs
heterostructure (fplan view transmission electron microscopycrograph of an array of
As particles below stressor linesaken fromref. [29].

In this thesis, tomputationally assessnew robust methodology to generate Ge
QCSs in SiGe, schematically illustratedHigure 1.7. The approach involves subjecting a
uniform SiGe wafer, at relatively high temperature, to a spatially variable stress field
generated by indentation on the film surfaeg(re 1.7(b)). Upon annealing, the larger
Ge atoms preferentially diffuse away from areas of high compression, leaving behind
regions of enhanced $ the previously compressed pat@igure 1.7(c)). Regions of
variable composition created by shprocedure can serve as QCS&iven that no
precipitates are nucleated in this approach, we hope to avoid many of the limitations
associated with previous demonstratioi®@ enable neaperfect scalability of the
procedure proposed herave perform indentation using a reusable, allaistly to
lithographically nanufacture, indenter templatgs far as residual surface modifications

due to the indentation, it will be demonstrated tha required stresses to cause

11



patterning are seen to be well within the elastic regime, which &alll to substrates

containing a minimal amount of surface damage.

(a) Indenter Array

(b) Indenter Array

=/ A/ e/

N

1 Thermal Annealing

(C) Indenter Array

Compositional
Redistribution

Figure 1.7. A nanopillar template is applied to a SiGe wafer (a,b)rif@uannealing,
larger Ge atomgreferentially diffuse away from are@f compression, creating patches
of enhanced Si content (c).

The remainder of the thesis is structured as follo@kapter 2 provides
experimental evidence ohe viability of the approach, along with pertinent details

regarding the experimental setup and characterization tedmigsed to analyze the

12



results. Chapter 3 provides a discussion of the fundamental modeling challenges
associated with interdiffusionnithe SiGe system and describes the most common
modeling alternatives used to address related problen@Shapter 4, a coarsgained

lattice kinetic Monte Carlo model is introduced and discussed in detail; this model serves
as the basis for all the vafidlon and prediction studies carriedt on this thesis. The
simulatotr which is based on a similar model used to describe interdiffusion in biaxially
strained SiGe films, is parameterized using a large database obtained from numerous
literature studies, dih experimental and computationaChapter 4also includes a
discussion of the impact of indentation strength and indenter size. Connections to the

experimental results discusseddhapter 2also are presented here.

Next, in Chapter 5 a detaikd parametric analysiss presentedof indenter
geometry, fdich, and annealing schedule, along with substrate composition, to determine
how to best generate&ompositional patterns that are consistent with quantum
confinement and therefore of egtest technological relevancé/hile many of the
parameterselated tointerdiffusion inSiGe are weltknown (e.g., point defect diffusivity
in unstressed material as a function of temperattine)impact of stress on diffusion is
not well establishedat a quantitative levein the literatur@ this is perhaps the chief
modelng uncertainty in the results presented in Chapters 4 ard Ghapter 6 a
comprehensive analysis is presented of point defect diffusion under variable stress. |
particular, molecular dynamics simulations are used to estimate -talsgd activation
volumes[32] for point defects using several popular empirical potentfailsally, in
Chapter 7conclusions are presented and some directions are proposed for future work

related to this nascent technology. In particulasrk is proposed thatould beused to
13



further optimize and extehthe strespatterning approach with the ultimate aim of

producing substrates with ordered arrays of uniform and addressable quantum structures.
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Chapter 2. Demonstration of StressDirected Patterning in SiGe

2.1  Introduction

In this chapter, experimental verification of a new approach for creating
microscale compositional patterns an SiGe wafer is presentedhis work was
performed at the University of New Mexico by the experimental research group of
Professor Sang Hdi33]. As briefly outlined in Chapter 1, @& nanopillar indenter array
wasused to apply a spatially patterned mechanical load onto the soffac8h sGe)
wafer and therthe assembly wasubjecedto thermal annealingds a result, the larger
Ge atoms migrate away from areas of compressive stress, leaving-defihed, Si
enrichedareas surrounded by bulk SiGEhe approach is depicted Figure2.1. The
various components of the experimergasembly are shown Figure2.1(a). A 2D array of Si
nanopillas (Figure 2.1(b)) and the SiGe subste wee pressed against énmther in a
mechanical pressonsisting of top and bottomolybdenum (Mo) plates held together with 10
tungsteW)-coated stainks steel screw&ach pillar was80 rm in diameter and placed at a020
nm pitch.The individual steps in the stress transfer process are shdviguire2.1(c). A
torque of 220 N-m was applied to each screwhdtotal applied forceH) was related to
the applied torquel] according td34]

N
F=T—-2, 2.1
CD @)

whereNs = 10, C = 0.2 and D = 0.00417m represent numbeof screws, torque
coefficient [35], and nominalscrew diameter, respectivelythe maximum contact

pressure, approximately 25 GPa, was computed via a Hertzian contact andI$§]s
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between a spherical indenter top and a film plane. Details on the Hertzian contact model

are discussed i@hapter 4

(c)

. =]
Si 3
i [owse %
‘ { @
Mo Press x-direction
Compressively i Machanica) Press
e (' ') Si Nanopillar Template
Stressed Region Elastic
Stress

Mechanical Press

(b)

’ A High Temperature
(iii)

Si Nanopillar Template

Ge Depletion
&
Residual
Tensile
Stress

- - - - - -

Figure2.1. (a) Schematic representation of assembly used to create patterssdishis
in a SiGe substratéb) SEM image of Si nanopillar array used to apply a patterned stres
field to the SiGe gbstrate(c) Steps in the stress transfer process: (i) place Si nanopillar
indenter array on top of SiGe substrate, (ii) press the indenters against the substrate, and
(iii) thermally anneal the stack under patterned stress field.

Following the applicatin of stress, the entire assembly was placed in a furnace at
elevated temperatures (32000 °C) for 3 hours to allow sufficietime for Ge atoms to
diffuse. After annealing, the furnace was brought to room temperature, and the

mechanical assembly was rieved fromthe furnace and disassemblé&te annealed

SiGe substrate was imaged, using saamrelectron microscopy (SEM)The SEM

16



images were used to identify any material transfer from the Si indenters to the SiGe
substrate and any permanent plastiodehton. The SiGe substrate surface was further
characterized, using craessctional and scanning tunneling electron microscopy (XTEM
and STEM) to assess in more detail the crystalline structure below the indented regions.
Nancprobe energy dispersive esgiroscopy (EDS) was also applied to map the

compositional redistribution near the SiGe substrate surface.

2.2  Experimental Findings

Figure2.2 shows SEM images gfostannealed 3isGey 2 substrates as a function
of annealing temperature and maximum indenter contact presomee of the SEM
images reveal visible residual pasineal features on the,86&) > substrates; these are
more prominent as the compresssigess antdr the temperature increasésvo different
features are highlighted iRigure 2.2. The dotted ctcle (T = 1000°C, P = 40 GPa)
highlights a piece of Si lebver from one of the indenteillars as the indenter array was
separated from the &§Gey > substrateThe Si b likely to be evidence of bonding between
the Si nanopillars and &G » substrateThe solid circlg(T = 1000°C, P = 4 GPa), by
contrast, appears to show permanently indented area ansl evidence of plastic

deformation within the kG2 substrate.
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Figure 2.2. SEM images of 3igGe» substrates subjected to patterned stress fields and
annealed for 3 hours, as a function of annealing temperafdemaximum contact
pressureEach panel representsegion with dimension 1200 nm1200 nm.

A subset of the $Ge) > substrates was sudgjted to further analysisith XTEM
and EDSThree different maximum contact pressures for constant annealing temperature
at 1000 °C were considered: P = 35 GRgyre2.3(a)], P = 45 GPaHigure2.3(b)], and
P = 40 GPaHRigure 2.3(c)]. For each case, EDS was used to sample a total of 45
uniformly spaced locations separated by 10 nm and sequentially denoted as (P1 to P45)
[see leftside inset XTEM images for each case] to infer a compositional proflethe
substrate surfacé&cach EDS mearement (P1 to P45) correspondeda compositional
average over ax®x3 nnt cuboidal region based on the electron beam eiemand
probing depth of EDNote that the irregularkghaped objects present on the surface of

the substrate in each of thetsfi de XTEM i nset s \dreidéndfiede d a s

18



by EDS as being pure Si in cposition, confirming that they we residual pieces of Si
nanopillas that becamdonded to the SiGe substrateortuitausly, these residual Si
pieceswee | mmensely wuseful as fAmarkerso to
compressive stress is appli€ar this reason, the higdtress cases were selected for EDS
anaypsis.

Case (a) irFigure2.3 shows almost complete segregation of the larger Ge atoms
away from the compressively stressed areas below two distinct nanopillactcegians
cenered at locations P13 and P3Be width of the Gelepletel regions $ approximately
30 M, although some Ge depletisobserved ovea total distance of ~100 nrilo
visible defects or dislocationseafound underneath the indented regifsee rightside
inset XTEM image ofFigure 2.3(a)]. By contrast, the Ge segregation effestalmost
entirely absent for case (Which, unlike case (a), exhibigshigh density of line defects
up to a depth of about 30 nm from the surface [see-siglet inset XTEM image of
Figure 2.3(b)]. These results suggest that only elasteformation can induce Ge
diffusion and subsequent compositional variation, whereas plastenusion actually
inhibits it. The intermediate indentation case (c) further supports this hypothesis. Here, a
low density of line defects (rigttide inset) ishown to correspond to a microscopically
complex segregation pattern in the regions immediately below the indenter contact areas.
While it is very difficult to align the compositional fluctuations with specific microscopic
defect features, the highly lalized nature of Ge segregation below the indenter contact
areas [e.g., note the absence of Ge depletion at P12 and P15, highlighted with rectangles
in (c)] strongly suggests that the segregation effect is cordrdilg the local
microstructure. The resul in Figure 2.3(c) also highlight the fact that the EDS
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measurements we able to resolve the compositional profile down to length scales of at

least 10 nm.
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Figure 2.3. Atomic percentage of Si and Ge near the surface of indented SiGe substrate.
Case (a): T = 1000 °C, P =35 GPa. Case (b): T=1000°C, P =45 GPa. Case (c): T =
1000 °C, P = 40 GPa. Inset TENhages show (a) complete Ge depletion with elastic
deformation, (b) no discernable compositional change with plastic deformation, and (c)
intermediate case with highly localized Ge depletion.
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While elastic compression is required to drive the segregatiect gthe results in
Figure 2.3 suggesthat plastic deformation resultéa a nearcomplete relaxation of the
local elastic copression presumably by creephis hypdhesis is supported by the
permanent indentations observed on the substrate surface when both the temperature and
applied pressure were highFigure 2.2). However, aditional mechanisms may be
operaional and cannot be ruled olor example, line defects may locally impact the
concentration of the point defect diffusion mediators feG8iexchange (e.g., by acting
as strong point defect sinks), thus inhibiting theesddriven segregation process.
Moreover, plastic deformation of the nanopillars may be responsible for the reduced
elastic stress inhe substrate during annealingote that for all cases considered here,
both Si and SisGe» were well above their Htle-to-ductile transition temperatures (

To . ~55C°C [37]) wheredislocation mobility is highThere also is the possibility of

surface melting; the low Ge concentrations used in this waygest that surface melting
was not a factor, although higher Ge concentration substrates will likely limit the

annealing temperatures that can be applied.

2.3 Conclusions

In summary, we havelescribed experiments examinigg new approach for
establishing sharp lateral compositional profiles in the -sedace region of SiGe
substratesSuch profiles may provide useful building blocks for a new generation of
devices that take advantagk lateral quantum confinementhe aproach relies on a
reusable indenter template to apply a patterned stress field to the surface of the SiGe

substrate, driving Se exchange and subsequent compositional modulation.
22



While these preliminary experimental results clearly demonstrate thbiliéasif
mechanepatterning in the SiGe system, it will be difficult to evaluate and optimize the
process because of the costs associated with electron microscopy and the need for visible
surface features tlmcate the indentation site€onsequently, aceputational model is
essential to fully analyze the compositional segregation process. In the next Ghapter,

present an overview, with examples, of available computational tools.
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Chapter 3. Review of Computational Approaches

Diffusion of Si and Ge atoms inulk SiGe isentirely mediated by native point
defects famelyvacancies (V) andhterstitials (1)) Both types of defects may assume a
variety of charge states, which will be addressed in the context of the model described in
Chapter 4, but the overall diffusional mechanisms they mediate are independent of
charge Example point defeanediated diffusive processes are showRigure3.1. In (a)
and (b), Si and Ge lattice atoms hop into an adjacent empty site in the lattice (i.e., a
vacancy), whilethe vacancy moves into the position previously occupied by the lattice
atom. In (c) and (d), an atom between lattice sites (an interstitial), exchanges position
with a lattice atom. In both cases, net motion of Si or Ge atoms has occurred; repetition

of this process leads to long range diffusion.
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Figure 3.1. Schematic of defct mediated atomic diffusiofRed atoms represent &nd
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Point defect equilibrium concentrations in Si and Ge are extremely low: For
example, the concemattion of neutral vacancies in Si is characterized by an Arrhenius

relationship38]

a E
G =Gy eXpaek—f.l\./ : (3.1)
¢

with Cov = 2.5x10°° cm® and Ev = 3.9 eV. Figure 3.2(a) shows the vacancy
concentration over the range of annealing temperatures that are typical for the stress
mediated compositional pathing pocess considered heréhe corresponding atomic
fraction is in the range 18-10"* (given an atomic density of *%0?* cm® [38]). The
diffusivities of point defects also are generally characterized by Arrhenius relationships.

For instance, the diffusivity of neutral vacancies in Si is givei38s

D, =Dy, expge% , (3.2)
with Doy = 1x10° cn/s andEyy = 0.4 eV.Figure 3.2(b) shows these diffusivities over
the same temperature range as showrherequilibrium concentratiort.he product of
concentration and diffusivity, dd\Cy in this case, is referred to #ee transport capacity
of a defect species and is a direct measure of thiéyaddi a defect to move atomg&or

neutral vacancies in Si, the transport capacity is showfigare 3.2(c) (based on the

estimates in ref.39]).
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Figure 3.2. Concentration (a), diffusivity (b), and transport capacity ¢€)neutral
vacancies in silicon as a function of temperature.

The preceding considerations immediately lead to the conclukaina direct
molecular dynamicg¢MD) simulation of SiGe interdiffusion, especially over the length
and timescales that are relevant to the stress transfer process described in Claayoters
2, is simply infeasibleThis is the case even if relatively iefent empirical potentials are
employed to describe the interatomic interactions between silicon and germanium atoms.

Consequently, the appropriate simulation strategy must be based on some form of
coarsegrained representatiorshown in Figure 3.3 is an example of a hierarchy of
simulation representations beginning with quantum mechanical simulations (based on
electronic density functional theory), to empirical pi@-based atomistic simulations,

to kinetic Monte Carlo (including both atomisticallgsolved and coarsgained
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varieties), to continuum simulations (in this context, referring mainly to phase field
simulations). In the ensuing discussion, we provixi@rgles and brief introductions to

these various simulation approaches.
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Continuum Models:
(1) ODEs/ PDEs.
4 (2) Process time/length scale.
104 — (3) No explicit atomic resolution.
Mesoscale simulations:
(1) e.g. LKMC on a coarse lattice.
(2) Time/length scale close to process scale.
10 (3) Retain resolution at appropriate level.
=
N
- 107 — - -
praar KMC simulation:
(@)) (1) Evolution based on transition probabilities.
cC ) O (2) Variable time and length scales.
(] . . (3) Retain single atomic resolution.
-
10— %
® @] MD simulation:
. . (1) Atomic motion by Newton’s law.
. . (2) Full atomic resolution (off-lattice).
@ (3) Time/length scale at nano-scale.
1010 _| QM Calculation:
Full electronic
resolution
| I ! | | >
1015 10° 103 10° 10°
Time (s)

Figure3.3. Schematic of different computational techniques arakssible lengthnd time scales.




3.1  Metropolis Monte Carlo

Metropolis Monte Carlo (MMC]39], while traditionally used to study systems at
the same resolution as MD, was used by Nieves afmdockers in a model of diffusion
under stress in which the individual point defect hops are cgasseed, while an
overall atomic level dgeription of diffusion in an alloy is maintaing80, 31]. In this
framework, a thin binaryA-B) film is created with imposed displacements in the
direction to impose an external stress field on the film [sgere 3.4(a)). In all cases,
there is lattice misfit betweehandB atoms, in order to drive compositional segregation.
Compositional evolution in the film is performed using the MMC algorithm, with
proposed moves comprised of neare i ghbor atomic identity
compound move of many of the elementary steps depictédyure 3.1. However, he
defects driving diffusion are implicitly accounted for in the simulation, thus increasing
the scées achievable via ordinary MDThe studies performed include a range of
potentials, from Lennardones to MEAM, and all produce the same patterning bahavio
from which it is concluded that these types of simulations could be applied to a wide
variety of material systems,mging from low to high misfitThe main physical limitation
of this approach results from the move basis for system evolution; while the
gualitative progression of the compositional profile toward equilibrium Egere
3.4(b)), the dynamics of the procesg aot captured quantitativelgiven hat there is no
guarantee that an anneal procedure has reached equilibrium for a given protocol, this
limits the predictive ability of the mading proposed in this thesi8omputationally, this

method is limited due to molecular static relaxations thastrbe performed to ensure
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that accurate energies are used in the MMC acceptance criterion. The ability to only

performing regionally local relaxations, does mitigate this limitation.

Figure3.4. (a) Schematic of applied surface strain field to generate stresses in substrate
(b) xzcross section of film showing compositional evolution as a function of sweeps.
SmallerB atoms (light gray) preferentially aggegg in regions of high stres$aken
from ref.[30].
3.2  Kinetic Monte Carlo Method

Kinetic Monte Carlo (KMC)(also known as dynamical Monte Carlo and in
certain contexts also as the Gillespie metp#(d]) is a stochastiapproach developed to
model dynamics for systems that spend most of their time vibrating around potential
energy minima, only occasionally overcoming the energy barrier between pagins
creating a separation of time scales between vibrations and rareekhitisig events. For
fully atomically resolved MBsimulations of systems in wdéh this time scale separation
exists, e.g., for defects diffusing in a solid, one would integrate the equations of motion
for a system of atoms, most of the computational resources would be spent in one
potential energy minimum, and rarely, if ever, woalttansition occur.

KMC assumes that due to tleng time spent in one basin, a quequilibrium is

established as the system exploresciisrent local energy minimunin addition, all
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events are assumed to inelependent Poisson processdader theseassumptions,hie

probability that the system remains in statis exponentially distributefd2]
b =exp( 1), (3.3)
wherer; is the rate of leaving staieto go to statg. The average time to transition

between transitions 1gr, . Thetotal probability of the system remaining in statan be

written as the product of all of the individual probabilifié§]

(3.4)

&“”
- 5*01

a
P (1) = expeg
¢

j
j

O

with the average time between transitions being) r; - The probability density of the
j
first escape time is written as

K(O=8 r exp (35)
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A traditional KMC algorithm proceeds illustrated Figure3.5: All possible events are
enumerated, and a rate table is generated that includes every possibility. Theattime
the next event is randomly chosen accordingh#p

_ - In(u)
trand - a ri]- ’ (36)
J

with u being a uniformly distbuted random number on,[J. Choosing the next event

time in this manner is consistent for a process with the rate const@lri]o,f given the
j

distribution in eq. (3.5) [42]. The identity of theevent that takes place is chosen

randomly, as well, biasesuch thatpossible events witliaster rates are chosen more
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often. After the chosen event is executed, the rate table is updated, and the algorithm

repeats.

Each event i/ has known rate,

Update
Rates
where u is a uniform random
number on (0,1)

Next event chosen according
[ <Ipyp to probability:

y
. i
P=

Qi

Figure3.5. Schematic oKMC algorithm

[ =1Ip\p

END OF KMC

[

The primary limitation of KMC is that all possible events need to be known (and
specified quantitativelyby rates) at all system state®@mission of important events
generally leads to incoect simulation predictiondn contrast, the single physical irtpu
to direct atomistic simulations such 84D or atomistic Monte Carlo is a potential
function that may be empirical or quantum mechanical. Once this is specified, no other
physical insight into the system behavior is required. In this context, KMC siondati
are conceptually similar to other approaches that require mechanistic input, such as rate
equation models based on ordinary or partial differential equations. However, as will be

discussed further below, it is often the case that the inputs to KM@are directly
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available from molecular simulations, providing an advantage over other simulation
methods.

KMC models may be posed at arbitrary length scales. At one end of the spectrum,
the KMC representation may be fully atomically resolved, i.e., evem & the system
is explicitly represented. Here, there are two broad classes of moddddtiaand off
lattice. Onlattice models, in which the atoms are constrained to a fixed set of sites
(usually lattice sites in a crystalline system) are easieconstruct because of easier
enumeration of events and their rates. One example of daitme KMC model was
developed by Dai and eworkers[44] to study vacancy aggregation in silicéxssuming
that vacancies interacted up to tH&r@arest neighbor shell, an 8 parameter model for
the vacancy hopping rates as a function of local environment was parameterized using
MD simulations. Figure 3.6(a) shows a vacancy aggregation configuration from a
simulation. As will be discussed at the end of thikapter the expense offully
parametrizing a defechediated diffusion model was a factor in our choice of simulation
technique.

Other examples of elattice KMC models have been applied in atomic surface
morphological evolution studies. Tiustrate theimpact onsurface mqgshologies of
strained interactionsetween mismatched adatoms and an underlying substrate, Mattsson
and Metiu[45, 46] imposed a periodic strain fielon the surface of a substrafis
strain field wa supposed to mimic the elastic interactions between deposited atoms and
the surface, and the strain field was shown to induce the coalescence of the deposited
layer into islandsKigure 3.6(b)). Notably, and consistent with the discussion about the
nature of nucleation processes@mapter 1it was shown thathesestructured sain
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fields impact coarsening of monolayer islands but do not affect the initial tioolea
process, an important restriction to thgpact of strain opatterningA limitation to this
analysis however, is thabnly submonolayer (i.e., twdimensional)regimes can be
modeled using this approadie to the lack of an interaction potential between adatoms.
Schulze and Smereld7, 48] developed a more realisttMC-based surface growth
model, by explicitly consideringsurface strain effectsThe elastic interactions were
modeled using simplified ballandspring interactions, which greatly simplifies the
computational cost of elastic energy calculations as opposed to solving the full stress
problem within the linear elastic framewoiBespite the simplification of the elastic field
calculation, this approaclts capableof producingfaceted, threglimensioml islands
during epitaxial growthKigure3.6(c)).

As discussed above, a primary limitation of KMC is needing to know the rates for
all possible transitions atng time during the simulationFor orlattice methods,
enumerating a list of transitions is straightforward, as the connectivity of tiee lat
determines possibilitietlowever, to remove the assumption of all elements of a process
happening in accordanedth a predefined lattice, offattice KMC methods have been
developedIn the oftlattice framework, a saddle point search is conducted for each atom
at its arbitrary positiorj49], with each saddle point found added to lise of possible
transitions.The KMC algorithm proceeds as usual, given the list of possible transitions.
In one example of offattice KMC, Henkelman and Jonssd®(Q] simulated island

ripening on a surfacd-{gure3.6(d)).
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n=7902 t=10pus n=65720 t=1ms

Figure 3.6. (a) Snapshotfovacancy clusters in silicorTaken from ref[44] (b) Single
atomthick island distribution (squares) during deposition on a patterned surface
predicted by KMC. Here, the binding energy between substrate and adatom varies
sinusoidally inx and y. Left i configuration at coverage 0.15 (T=400K); right
configuation after coarsening at T=800Raken from ref.[45 (c) Dewetting and
islanding seen after three monolayers of growiiken from ref[48] (d) Ripening @
islands of Al m Al surfaceTaken from ref[50].

Both on and oftlattice atomically resolved KMC achieve significant temporal
gains versus fully resolved MIHowever, both of these approashare limited by the
size of the atomic jump, which increases the number of possible events, sigotitenin
average timestefjsee eq.(3.6)). Thus, there havebeen a number of approaches to

accelerate KMC, notably via parallelizatiann d -eiwnee rParallelization of KMC is

accomplished by subdividing the domain into differembdomainswhich are assigned
35



to different CPU corefSeeFigure3.7(@)) [5]. The Askinodo region of a
by the interaction distance of the transition, such that all events inside the skin region are
independent of the otheubdomainsEvents are executed on each core, and if the event
occursin the skin region of a given cqrthe simulatiorstops on that core andawts for

further instructionsOnce all cores have events in the skin region, the least advanced time
among all the cores is determined, the overall system clock is advayteat time, and

all events after that time on all the cores other than the one witledbeddvancement

are reversed. The algorithm then repe@seod efficiency is achieved on a moderate
number of cores, but dramaticaliecreasess the number of ces increasesF{gure

3.7(b)).

(A) (B)

L B

30 40 50 60 70
Number of PEs

Figure3.7. (a) Domain decomposition into nine regions, with shallegih o st o ndr e gi on
sol i d #fAskirthecentra domairhe ghbsh region of one domaintrse skin
region of its neighbor (b) Parallel efficiency, versus number of CPU cores (PEs), defined
as the ratio of CPU time on one core for N rates divided by the CPU tifAE cores for
PExN rates, for some model diffusion systentsaken from ref[51].

The nnet event o framewor k, usef ul wher
reversible moves, lumps forward and reverse event rates into one nef5yeand has

been shown to only impact the noise of the solution, not the solution itself versus a
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traditional KMC. This technique is useful where there is a seépara®f timescales
between differenpairs ofevents. Since the sum of the rates will be dominated by the fast
events in such a system, if a fast forward event and fast reverse event have the same order
of magnitude, t he s um lowdr thanhhe suf ofell tbe rateg,t e s
increasing the timestep dramatically. We use this approach to model large SiGe systems
in Chapter 5

While parallelizationand i n e t €an eachteve temporal acceleration in
atomically resolved KMC models, spatial coagsaining (CGKMC) is another approach
to facilitate modeling of eveitonger length and time scalels the simplest form of
CGKMC, atomsare placed into cellsnd cells are characterized by occupancy fraction.
Possible transitions are still one particle hopping into a vagjaatein an adjacent cell
[53, 54]. The main assumption inoarsegraining from atomically resolved KMC to
CGKMC is that the local microstructure within cell (i.e., beyond resolution of the model)
equilibrate at a much faster time scale than trediveen hop$41]. The combination of
the longer jump distance (i.e., cellular jump$iortening rates and a reduction in the
number of rates reduces the sum of the rateseasing the average timestéghis
approach has lea adapted byastrillo and ceworkers[38], who parametrized point
defect diffusion rates in SiG® drive a CGKMC model interdiffusignand is the basis
for our model that we discugs detail in the next Chapteln addition, Vlachos and €o
workers have modelediffusion in particles that interact via an interatomic potential
using CGKMC [54], including extending the methotb operate on a variabkzed
cellular grid, giving higher resolution as desired, while minimizing overall computational
expensg55, 56]. We use this approach @hapter 5o enhance resolution in SiGe.
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Temporal acceleration within the CGKMC framework is also possible.
Parallelization as discussed aboveould be extended to CGKMC systems to achieve
further gains! n  a d dleapimgdsnan approach that removes the restriction of one
moveatatime [57, 58]. In this method, many singi@om processes are coméd
together into one procesBhis approach is inexact, however, and nbenber of budled
eventsmust be chosen such that the change in rates is small doeirexecution oany
one bundle However, one wants to bundle as many events asbp®ss maximize

accelerationThere have been many attempts to optirbizedle selectiof57, 59, 60].

3.3  Continuum Methods

Continuum models, based on partial differential rate equations, provide an
alternative to coarsgrained kinetic Monte Carlo simulations. Althoughsitdifficult to
make rigid statements about the relative merits of continuum and gpaised discrete
models, the phase field framework has proven to be particularly useful in the modeling of
microstructure evolution in both bulk and surface settings.

The phase field methodology was initially formulated by Cahn and Hil[i@ip
as an alternative to the standard Osharp
interface setup, diffusion equations are solved in each domain, while some constitutive
law is imposed at the ferface (e.g., a flux balancefhe presence of morplugical
complexity and/or abrupt gradients at the interface makes sharp interface models
computationally challenging, and generally requires sophisticated numerical solutions to
addres462-64.1 n t he phase field represenftiaetlidobn,

variables are defined across the entire domain, including the interface. Consequently, the
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interface becomes implicitly defined by the locus of points that exhibit some (usually
intermediate) valuef the phasdield variable(s)65-68].
A prototypical phasdield evolution equatiorior concentratia C (also known as

the CahpHilliard equatior) is given by

K _mp? e WO Hpec 3.7
it € @ Py (3.7

a diffusion equation for the mass fluk,of composition, written as

daF 5 W (C)
J= MP"Z =M™ %B— 2PC 3.8
0 iC () ‘ (3.8)

with F being the free energy density of the material,

F=W(C) 9(BC)?, (3.9
assuming constarl and 2. The bulk energy contribution to the free energy(O), is
typically assumed to be a doublelled potential to allow the equilibrium existence of
two separate phasgg5]. For two phaseg andB, aform of W(C), for an regular solution

(69, is
W(C)=§geAAC2 +el © QL O-gkf+an c @ €n@ ¢,(310

wheres is the number of bonds per atortik is the bond energy of A, (g is the bond
energy of BB, andU\g is the bond energy of 8. There are other possible forms of
W(C), as well[65, 69]. The second termmieq.(3.9) describeghe intefacial energy of

the two phasesSince the term depends on the gradier€,af is zero everywhere but the
interface of the tw phases (see discussion of how interface is defined by locus of points

with equal concentration), and thus controls how the phase boundary moves in space.
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Lou and Bassani incorporated elastic effects into the phase field framework to
model precipitates imatrix over a wide range of component moduli and elastic misfit
[69]. The elastic energy contribution to the free energy equation is represented by an

additional term to ed3.7),

KC_ 5.5 oM E)SM 29 B . ©) : (3.11)
ot a dc @

where the elastic energy densigy, is a funcion of composition and straif.he total
strain includes contributions from transformation strain and elastic strain (via constitutive

relation), and the elastic strain energy is written as

1
E(@ij,C):E( £- T8 (w ed), (312
where the strain without superscripts the total strain and the strain with superscript is

the ransformation (misfit) strainThe effective stiffness matr,ixé, is is a function of
concentration, and is assumed to be continuously varying, with a local effeaiinveat
each material pointUsing the small deformation approximation, the equilibrium

e g u a t;j =dnis writfen in the form of the Navier equations

6~ el
‘!eCijkI & (U, +uy) g e, (313
i &2

8=

whereu is the vector of displacementiou and Bassani performed simulations with
periodic stress fields using this approach, and saw sihgged phase separation of two

phases with prescribed misfit (Segure3.8).
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Figure 3.8. Temporal evolution of phase aggregation in the presence of periodic applied
strain. The red regions are negatively (tensile) strgmedipitates, which is equivalent
to smaller atoms aggregating ggions of imposed compressidraken from ref[69].

Physically, given that there is no true phase separaiionan initially
homogeneous system diffusing under the influence of applied stress (i.e. there is a
continuously varyig compositional profile that develops over the course of an gnneal
without the nucleation of precipitajes it is difficult to defi
phase field model for the 9g$n considered in this thesi€omputationally, however,

despite thee x pense in solving Navi aG9pphasefieldat i on:

approaches are far less expensive than even egaised KMC approaches.
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3.4 Conclusions

As discussed above, and as will be discussed in detail in the following Chapter,
Castrillo and ceworkers[38] have parameterized an interdiffusiGGKMC framework.
Given thatCGKMC is quite effigent (as discussed in the preceding section) and that the
bulk of the requireddetailedparametric fitting has already been performed, we have
chosen the Castrillo and -@eorkers modelas the basis of our analysishe SiGe

heterosystem will be systemaltiiya investigated, using this multiscal€GKMC

simulation tool.
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Chapter 4. Computational Analysis of Interdiffusion in Silicon-
Germanium Heterosystem for Axisymmetric and Two
Dimensional Geometries

4.1 Introduction

In Chapter 2 we described a scalable approach for robustly creating-three
dimensional structures in the neanface region of semiconductor substrates that may be
useful & quanturrconfined structure$QCSs) Briefly, an indenter array fabricated by
etching a silicon wafer is pressed against a SiGe wafer at elevated temperature, which
creates a laterally patterned stress field in the-sgdaceregion of the waferThe stress
field creates a thermodymac driving force for compositional redistribution of the Si and
Ge atoms, whereby the larger Ge atoms tend to move awaylfeoandas of compressive
stressFollowing removal of the indenter array, the SiGe wafer was found to exhibit an

arrayofpureSidot so | ocated at the regions where

This proofof-concept experimental study demonstrates that stresediated
compositional patterning is a potentially attractive (i.e., simple, scalable and robust) route
to creating addresble arrays of QCSs. However, employing this approach in practice to
create useful QCS configurations (e.g., with sufficiently abrupt transitions between
regions of strongly differing compositiolsand therefore electronic bandgaps), will
require an extemge assessment of the processing parameter space, which is both
heterogeneous and higlimensional. For example, the final compositional distribution is
dependent on the indenter tip shape and size, the indenter array spacing and pattern, the
annealing temperaturetime history, as well as the initial sukeste composition and

thickness.Moreover, processing constraints require that annealing temperatures and
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indentation stresses be kept low enough to avoid the formation of plastic defects such as
dislocations and stacking faults. Finding optimal designs for the compositional patterning
approach will therefore require a large number of trials, and although a particular indenter
array should be reusable, modifications of the array geometry will require aneeto o

be fabricated each time. Moreover, the characterization required to assess the outcome of

each experiment is both time consuming and costly.

For all of the above reasons, a quantitatively predictive simulation of the- stress
mediated compositional fiarning process is highly desirable; this is the subject of the
presentChapter Although additional models that predict electronic band structure for the
resulting compositional configurations wol
design and opthi zati on | oopod, such modeling is oul
The compositional evolution model is based on a ceguai@ed lattice kinetic Monte
Carlo simulation, in which the semiconductor domain is subdivided into a rigid lattice of
cubic subvolumes of a fixed sizeAtomic exchanges between neighboring Si and Ge
atoms are used to evolve the system configuration in time; rates for these events are
derived based on local values of the elastic stress, composition, and temperature. The
coarsegraning enables the consideration of length and timescales that correspond
directly to experimental conditions with reasonable computational expense. Next, key
model elements, physical assumptions, and parameter values are introduced. The model
is then usedo assess how various parameters impact the compositional redistribution
upon the action of indentation; in some cases, these predictions are compared to
experimental observations. Finally, sensitivity analysis is presented for some of the

important paranters.
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4.2  Model for Atomic Diffusion in SiGe

Diffusion of Si and Ge atoms in SiGe is mediated by native point defects
(vacancies (V) and interstitials (1)) in one or more charge stafemsequently, atomic
diffusion in SiGe is intimately coupled to point def diffusivities and concentrations,

both of which are strong functions of temperature, position, and lattice strain.

As discussed irChapter 3 Castrillo and ceworkers[38] have parameterized a
defectmediated interdiffusion model in SiGe as a function of composition and
temperature. Here, in the interest of clarity, we summarize the model.

In an unstrained, compositionally uniform SiGe wafer at equilibrium, the

concentration for a neutral defeét,is characterized by the Arrhenius relationship,

C.=C 3 Ew 4.1
o OAOeXpéﬁ kT ()

where both theprefactor and barrieare function of compositioriThe diffusivity of a

neutral defect also obeys Arrhenius behavior,

o

a E
D, =D, enge v _If‘ : 4.2

The concentration of charged defects depend on the position of the electronic charge
relative to the Fermi levekr, which is computed as follows: First, the bang gaergy,

Eg, of the material is taken to be the minimum of the value computed using-ltke X

minimum of the conduction band (CBEQX, and the Hike minimum of the CB,E;

(The X and L band gap energies are computed using two different wave vécti)s

Both values scale with temperature as
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E,(T) 1 FT?
E,(0) T+B

(4.3

Second, the effective densitiebstates (EDOS) for the X and L mingnare asumed to
be N =N, (S)and N; = N,(G8 , respectively, and are assumed to not be functions of
composition in the SiGe alloyThe EDOS for the valence banN,, is a function of

composition All three EDOS scale with temperatureT&€. The total EDOS of the CB is

computed as

X E§|l_) 0 X L
Ny + N exph >E;

(EL -

(4.9
EX 0
S+ NE exp 859 >Eg

——) =) —/ =) = (:

Finally, the Fermi leveler, is computed af71]

Q_)o
Z

E
2 +klln v (4.5)
2 2
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e =

A

The concentrations of charged defects deperg as

C.a 4€, .- € O
AT = exp‘fj‘lae—A“'J n” & O, (4.6)
C c KT

Al

wherej is the charge index of the defedthe diffusivities of charged defects also are

assumed to obey Arrhenius relationships, i.e.,

a E
D, =D, expge k'I/j : 4.7

All diffusivity prefactors and migration energies are assumed wohstantwith respect

to composition.The total diffusive capacity ad defect is computed as the sum of the
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transport capacitiedaCp, of the defect, summed over all of the charge states, and

normalized by the atomic density as

(4.8)

whereC, is the atomic density~5x1G? atoms/cr). For pure Si or Ge, the atomic self

diffusivity is written as

Dself = a fADCA' (49)
A

with fa being the correlation factor between defect htgdsen to be 0.5 for vacancies and

0.7 for interstitiald38]. The correlation factor arises from the fact that atomic hops that
occur due to a defect hopping are not truly rand@g). However, in a SixGe, alloy,

the diffusivities of Si and Ge are not equal. Thus, we require an additional parameter,

a,=D{ /D%, to accommodate asymmetric diffusion. Finally, we can write the self

diffusivities of Si and Ge atoms in;S(Gg as

— vaCv + leC|
1-x a, 1 x x8

_avaDCv _._aIfIDCI .
1-x +a, 1 x x8

Si

(4.10)

Ge

Table4.1 lists the values for all the parameters discussed here; thesskanedirectly

from ref. [38]. Note thatU, the ratio of sk-diffusivities, also is assumed to folloan

Arrhenius relationship, i.eq, = g,exp( €, /ksT). All prefactors are assumed to vary
exponentially with composition, while all activation energies are assumed to vary linearly

with composition, except folE*, e,(-,0), andE which are asumed to depend
& f

VO 3
guadratically on composition.
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Table4.1. Parameters used for point defect and-d#gftision in Si, Ge and SikGe.. A
denotes the defect typ€aken from ref[38].

Si Electronic Ge Electronic
Properties Properties
ng (T=0) 1.17eV 0.93 eV
d?EX/ d¥ 0.4 eV
EgL (T=0) 2.014 eV 20.744 eV
F 4.04x10° K™ | 46.41x10" K™
B 636 K 235 K
Ne (T =300K) | 3.2x10"cm® | 1.0x10" cm®
Ny, (T =300K) | 1.8x10”cm® | 5.4x10"° cm®
Si Interstitial Ge Interstitial SiVacancy Ge Vacancy
Properties Properties Properties Properties
C, .o 8x10°° cm® 8x10°° cm® 2.5x10°° cm’® 7x10°" cm®
E.o 4.1 eV 3.7eV 3.9eV 3.05 eV
d’E,/d¢ | e -1l.4eV
€r0:4) 0.3 eV O0eVv 0.03 eV 0.1eV
€+, +y 0.55 eV -0.2 eV 0.13 eV OeV
€ 0) leVv 0.7eV 0.6 eV 0.2eV
dzeA(_ o/ ax | e 1leV
S B 1.06 eV 0.4 eV
E 1.2 1.2 5 0.55
E.a OeV OeV 0.1 eV -0.2 eV
D, 0 0.05 cnf/s 1x10° cn/s
D, 0.05 cnils 1x10° cn/s
D, 0.05 cnils 1x10° cn/s
D, 0.05 cnf/s 1x10° cn/s
D, | e 1x10° cn/s
E. o 0.8eV 0.4 eV
S 0.8 eV 0.35eV
E . 0.8 eV 0.3 eV
E_. 0.8 eV 0.45 eV
E, | o 0.18 eV
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Point defect concentrations andfukivities computed using thealuesin Table
4.1 are able to accurately reproduce measatedic seldiffusivities (using eq.(4.10))
andpoint defect transport capacities in unstrained@&e from the literatureFigure4.1
shows data fits, along with representative data from the literature, 18r $a)tdiffusion
and (b) Ge seltliffusion in Si;«Ge; across a wide temperature range, while (c) is a

similar plot for transport capacities in Si and Ge.
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Figure4.1. (a) Si and (b) Ge setiffusivity at various temperaturéa unstrained SiGe
alloys of different compositions. (c) Transport capacities in pure, unstrained, Ge and Si
as a function of inverse temperaturgolid lines and white symbols are P&hd dashed
lines and black symbols are PGymbols are literaturealues and lines are model fits.
Taken from ref[38].
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4.2.1 Diffusion of Point Defects Under Stress
A theoretical framework for quantifying the impact of lattice stressdefect
diffusion has been described by AZi22], in which a stress fieldi modifies the
diffusivity of point defect specie& according to
DC; () = DC, ( mexp%j:—\z“ , (4.11)
' .

Gk

where V;A =V, ¥ [, is the activation volume tensor for hops along direcjionith

V' and V™ being the formation and migration volume tensor contributions,
respectively. A more detailed discussion of the Aziz framework, along with detailed
calculations of the activation volume tensor, is presentedhiapter 6 Here, we only

provide a brief summary and use the parameters introduced [38f.

For the (001)riented films we consider here, and assuming that the free surface

is the only source of point defects, the formation volume tensor is givi82/38]

o

av,
S
3
& r
V) =& Va : (412
& 3 r
z %ew
c 3
where q is the atomic volume that correspo

the (001) surface to create a vacancy{seérstitial) in the bulk. The taxation volume,
V,, represents the additional volume change due to lattice relaxatiowifeg point
defect generatiorOff-diagonal components of the formation volume tensor are zero due
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to crystal symmetry73]. The migration volume tensoepresentshe additional volume
change associatewith point defect migration. In the (OPHirection, the migration

volume is given by

av",
Vorgl AT e V"n:lA ! (4 13)
& Via

where V", and V,", represent changes parallel and perpendicular, respectively, to the

direction of hopping motion. Similar expressions apply for migration along the other
directions. The following parameter values for the activation volumes, which are used as

base case vads in the present studi$8]:

aVr
Hl O:O 5VV
av' ... 0o
$§+V’\I 0:O 3w
zw . . (4.14)
s +V)y 6= 0.35W
a r
aeV—+v;“V 0—035N
c 3

It should be noted that, generally, values for the various components of the activation
volume tensor are not well established in the literatidde80]; sensitivity of the model
predictions to these parameters is discussed briefly in Secdpand a detailed study of
these values is presentedGhapter 6 Finally, stress may also alter tekectronicband

structure of the material, further modifying the diffusivities of point defects. However,
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these modifications were found to be relatively minor compared to the primary impact of

stres438] and are neglected in this work.

4.3  Simulation Details
4.3.1 Lattice Kinetic Monte Carlo (LKMC) Simulation Framework

A coarsegrained LKMC[43, 81, 82] simulation was developed in which a rigid,
rectangular domain is subdivided into a lattice of cubic celd&h measuringce in
length and containing (Si or Ge) atoms as shown kigure4.2(a). Periodic boundary
conditions wee applied in the lateral directionx é@nd y) while noflux boundary
conditions wee applied in the directions normal to the substrate surfaceTke
microscopic distribution of atoms in each cell is known to correspond to an ideal solid
solution for most temperatures of interest, i.e., for a given composition, Si and Ge atoms
are mixed randomly83]. In other words, the mixing enthalpy of a mixture of Si and Ge
atoms is zero, and the energetics associated atitimic exchanges do not vary with
changes in microscopic configuratiaha fixed overall compositiofConsequently, only
the owrall composition in each cell warequired to specify the state of the coarse

grained system; sdggure4.2(b).

Point defects within each cell are treated implicitly, and here are assumed to be
always present in their equilibrium concentrations for given local composition, stress, and
temperatureThis is in contrast to the model in rd3g], in which the point defect
distribution is updated explicitly on the basis of déifinal fuxes across the entire

domain.The assumption of quasqguilibrium point defect distributiorfer the process of
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interest in this thesisnay be validated by considering that point defect equilibration
proceeds via interaction with the nearby figurface that acts as a sink and source for
point defects. For distances on the order of 10 microns, point defect diffusion timescales
are of order 100 milliseconds, which, as will be demonstrated later in the discussion of
the model predictions, is muchstar than the timescales associated with compositional
redistribution throughout the film. Of course, highly rexuilibrium processing, such as
ion-implantation, would require accounting of nequilibrium point defect distributions

[38]; such situations are not considered here.
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(b)

(c)

Figure4.2. (a) Schematic of LKMC domain comprised of cubic cells measuringin

length and containingy,: Si and/or Ge atoms (b) Schematic of coas®ning @mic
configurations in cells.Red atoms represent Si and blue atorapresent Ge (c)
Schematic of LKMC switch move. In the depicted exchange, a Ge atom is moving from
the lower left to the lower right and an Si atom is moving from the lower right to the

lower left.
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The LKMC configuration state is evolved by a sequencarafle SiGe o6 swi t ch 6
moves across two adjacent cells; seégure 42(c). We e mpl oy t he ONext
algorithm (NRM) [84], which was developed as @&fficient alternative to the standard
method described i€hapter 3 Rather than selecting an event time and choosing an

even after each time step, tiie h e Vievm i & dJtisigenerated for eacvent

) @19

whereu is a uniformly distributed random numben [0,1] andr; is the event rate. The

absolute time an event takes place is

t =t +#, (4.16)

wheret is the current simulation clock timehen(Jis generatedThe list oft;s for each

event is what igracked during the simulatioifhe event with the shortestis selected,

and the clock is updated to The compositions in the two participadicels are updated

after every move, and alffacted rates are updatetihe advantage of this approach is

that only events that are affected by the selected event need to be updated after each time
step the othertis are unchangedThus, for largesystems, there is a significant

computational advantage to this algorithm.

The main computational expense in NRM is the sorting required to always know
the event with the next, even thoughmost possible events have the saimafter a
particular eventakes placeTo optimize the sorting overhead, we usekg list [85],
which is a stochstic sorting algorithm that has, on avera@éin(n)) insertion, deletion

and query complexity

56



Large numbersfahe individualpoint defect hoppingrocesses shown ifigure
3.1 eventually lead to Se intermixing, or interdiffusion, which may be conceptualized
as exchanges between neighboring lattice attms.Si.xGe, bulk alloy, the probability
of a particulamobile point defect specie&=1,V, moving an Si or Ge atom, respectively,

is given by 3§

1- x)
Si A (1_ X) 'B@A
, (4.17)
xXa
PA =f A
Ge A (1_ X) 'b@A

with a,(x, T)* DE(X)/ D5(X¥ as described in Sectigh2 The rates at which Si and Ge

atoms are exchanged between two adjacent

of the probalities given in eq(4.17), i.e.,

apra PA 8 C

loq- s, = n;m a %Gqé = DA_A
I-cell A:|,V¢efA c fA = Ca

. o : (4.18)
— Mot PGQ a PGq 0 CA
e, = e —A
S ee Liel A=a|,V(§£fA é‘é fA SAD ACa

The rate expressions in e4.18) describe an exchangeofaGeat i n cel |
with an Si atom in cell 626 (top) or a Si

prefactors account for the total number of atoms in eachrgglland the distance over
which the exchange is madkg. Point defect diffusities and concentrations are
calculated based on the average composition and stress of the two cells participating in
the exchange Note that the regression procedure described iff38f.ensures that the

selt-diffusivities and point defect transport capacities employed in the present LKMC
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simulationsimplicitly account for the effects of a variety of atomistic details including
local atomic strains, electronic structure, etc. In other words, while these details are not
explicitly relevant in the present application, their impacts on point defect esexgd
mobilities are included to the extent that the model predicts the corredifaedfvities

and transport capacities as a function of composition and temperature.

4.3.2 Rate Modifications Due to Stress and Compositional Gradients

As formulated, the ratexpressions in ex)(4.18) do not automatically account for
energy changes associated withG& exchange across cells with differing compositions
and stresss; this information is required to ensure that the simulation predicts the correct
equilibrium stateFollowing ref.[38], energy changes are accounted for by modifying the

self-diffusivity ratios, a ,(x,T), for each defect species to include the energy difference

DE , between moving Ge atom and moving an Si atom in ¢glle.,

" | &
a™ (%, T)=a,(x.T)expae (4.19)

¢ keT
To derive the form of this energy differencepte first that a(x,T) is an

Arrheniusexpression (see SectidrP)

A

. D ) )
ayt D‘jj =4,exp( E., /KsT), (4.20)
S,
which can be written as
al = SeXPC Ld) (4.21)
f exp( bg)
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with b1 (k,T)*. Consider the case of a vacancy moving ficet 2 to cell 1If a Geis

to move from cell 1 to cell 2 (as a coordinated motlgre is an energy difference that

results

EGe,l— 2: EGe,l EGeZ’ (422)
as a Ge is removed from cell 1 (and replaced with a vacancy), and that Ge is placed in
cell 2 (replacing that same vacanc$imilarly, if an Siis to move, there is an analogous

expression
Esii = Esiz Esiz (4.23
These energy chges affect the barriers in the Arrhenius expressions for the self

diffusivities as

DGq - Clexp(' b (dl +EBe,l— >2))

(4.29)
Ds, fexpt @ *Es. »))
The resulting expression for alpha simplifies to:
2 1

a\i/nh,l — éexpiDEGe Si + E%i - Ge , (425)

c KT

as

Ece,l- 2" ESi,l -2> :( EGe,l E‘Ee?)' ( £ Si1 E é'f) (4.26)

EGe,l— 2" ESi,l -2> :DElGe si D EzSi

Ge >
As we just showed,of atomic motion across two ad@t cells, this energy
differenceis equal to the energy difference resulting from an atomic switch across the

two cells, i.e.,

DE = Hée si(ﬁr X))+ EQG:.( Q,XZ)- (4.27)
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The energy change associated with an atomic switch across two cells was
parametrized in terms of the cell stress state and cell composition. The stress state was
defined in terms of thdiagonal elements of the stress tensor, i.e., shear was assumed to
be of secondary importance. For each instance, a periodic cubic cell containing 64
randomly distributed Si and Ge atoms arranged in a perfect diamond lattice configuration
was first relaxedat a specified stress state with the conjugate gradient routine in
LAMMPS [86] based on the Tersoff potertigB7-89]. The identity of one randomly
selected atomvas then switched, the cell-relaxed at constant volume, and the energy
change recorded. It should be emphasized here that the ideal nature of the SiGe solid
solution greatly simplifies these calculations because the switch energies do not depend
on the microscopic configurations of the cell; this assumption was confirmed by
repeating calculations for different microscopic realizations at a given overall

composition for a few example cases.

We performed calculations at @Gactions rangingrom 0 t00.9, using a steqize
of 0.1.At each composition, we performed computations at eaotbination of diagonal
stress elements frond GPa to 20 GPa, with a step size of 1 GPa, a total of 12,760
computationsWe then fit the energy switch data to a secortkopolynomial, with an
R, of 0.994.Slices of this 4 dimensional space of eneoijnges corresponding to

SiA Ge identity switches are shownkigure4.3.
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Figure4.3. Energy change for an 8iGe identity flip in a 64atom cubic SiGe,« cell at different combinations of stress state

and composition. (a) Uniaxial stress, (b) biaxial streand (c) hydrostatic stresseA Si identity flips lead to equal and
opposite energy changes.



4.3.3 Continuum Stress Field CalculationFramework

Initial microscopic compositional fluctuations were imposed by randomly
assigning identities to each (implicit) atom in every cell accordingeaalésired overall
composition.Stress fields in the SiGe filnland indenter) were computed by solving a
linear elasticity contact problem with the finite element method (FEM)ng the
COMSOL software packag®0]. Stress was generated by applying a specified body
force on the indenterpushing it into the SiGe filmFor infinitely-long cyindrical
(6wired6) edmensianalta,plana strainvedasticity model was employed. Here,
periodic boundary conditions were applied in xkdirections, the bottormboundary was
fixed, and the tom-boundary was tractiofree except in the conthcegion. A two
dimensional axisymmetric model waused for spherical indenterdractionfree
boundary conditions were applied at the radial edge of the domairg-ibendary
conditions are the same as those for the wire indenter case.

Without contact, smputing a solution to the linear elastic stress problem involves

simultaneously solving the equilibrium equations,

PO b , (4.28)
with 0 being the stress tensor andeing the body force (per volume) vector, the strain

displacement relationships,

U =%$( P) +D |, (4.29)

whereUa is the strain tensor andis the vector of displacements, and the constitutive

relations,
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0= C . (4.30
where C is the stiffness tensor, alulject to boundary conditions.oke that due to
compositional patterning in initially homogenous:,8e, ..., .. Yielding

additional relations|l, .= .- .. where the spatially variablg,.,, tensor is,
()ﬁnitial - Xocal)l’ (431)
with x being the Ge fractio[88].

We use an Augmented Lagrangian method to model contact effects, defining an

additional equation, as follows:

FP- tdifd @
P=1 u , (4.32
fPePifd>0

where P, is the penalized contact pressuiejs the current contact pressurgjs the
distance between the surfaces of contact,tamc penalty factor that is set acdogito
material propertiedNotethatt only impacts the rate of convergence, tiw accuracy of
the solution.The system of equations is solved iteratiyelgil the answer changes by
less than 0.1% between successive iteratibimally, also note that converged values of
P agree with thecomputed value ofli,, at the center of contact in the SiGe filntise

maximum contact pressure as measured in the 86} to within a few percent.

Several assumptions and approximations were made in theat@oubf stress
fields. In the majority of the reported simulation results, we assumed that Si and Ge are
elastically isotropic, which, as shown by the experimentally measured cubic elastic

coefficients inTable 4.2 [91], is not quite the case. As discussedSection4.4, this
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assumption does not strongly impact the LKMC results across a wide range of applied
stress, while greatly simplifyinghé elastic stress computationksotropic elastic
constants, namely the Youngecsmpateddlongthe and
<100> directions for both Si and Ge (Table 1). The properties §eG8& > were obtained

by linear interpolation of the elastic coefficients between the Si and Ge values, and then
computing the correspondom@s Ymatnigds Wedal s
that the elastic propertieend lack of misfitof uniform Sip sG&) > are applicable to the

entire domain at all times during thermal annealing. Of course, in actuality, local
compositional changes during annealing would leadisfit and changes in the local
mechanical properties and therefore the applied stress field; however, wanshestion

4.4 that this simplifying assumption has little practical impact on the model predictions
which is consistent with thiendings of ref. [69] for materials with lattice mismatch but

minimal differences in moduliFinally, all elastic coefficients are assumed to be

independent of temperature.

Table4.2. Elastic constants for Si, Ge ang §&b&) ». Taken from ref[91].
Material | Cyy Ci2 Cua Youngods |[Poi sson@

(GPa) | (GPa) | (GPa) | \16dulus (GPa)

Si 165.7 | 63.9 79.6 130.1 0.278
Ge 129.2 |47.9 67.0 103.3 0.270
SinsGey2 | 158.4 | 60.7 77.0 124.8 0.277
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4.3.4 Atomistic Stress FieldComparison

In the initial formulation of our model, we attempted to solve for the stress field in
the film via molecular statics calculations, simulating atomic interactions using the
Tersoff interatomic potential for SiG87-89]. The effective mechanical properties of the
harmonicindenter field (implemented using h &x inflend r outine in the
software packagd92]) were determined by comparing the quskitic indentation

process of a fully atomistic §G&) 2 slah

The elements of the atomistic stress tensigrdre defined a3]

e 1 1M
(SaV)i = €MYa Yy 'é"a ( [.Fy Gk Fz,b) 3 ﬂ( Mol 2Py T Fsb") , (4.33)
n=1 n

(4

wher e t he a &auwuhbsadferitopthe shredi Cartesian coordinate directiony,(
2), vi is the velocity of aton, r; is the position of atom andF; is the force on atorndue
to the type of interaction (\refers to 2body, N; to 3-body). Note that all velocities are

zero for the quasstatic case considered here.

The idea using the atastic stress was as follownce the indented (atomistic)
configuration is createdhtomistic stresses are comput&igure 4.4(a)), and the stress
field across th entire substrate is passed to tbarsegrained LKMC simulation. e
stress in eachKMC cell is computed by averaging over all atoms that correspond to that
cell (Figure 4.4(b)). The LKMC simulator evolves the system until the composition
changes significantlyRigure 4.4(c)). The LKMC configuration is then used to create a
consistent atomistic configuration, i.e., atomic types (Si or Ge) are randomly assigned to

the lastknown offlattice atomic configurationaccording to thecurrent cellular
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composition. This new atomistic configuration is fed into the LAMMPS energy
minimization routine and a new stress field computed holding the indenter Figde
4.4(d)). The sequence is then repeated until the simulatioarimsinated at a specified
time. As mentioned in the preceding section, not updating the stress field during

calculations will be shown to have little to no inspan the results.
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(d)

(c) |

Evolve Concentration Profile by
LKMC

Map back onto real domain and
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Atoms

B

Figure4.4. Schematic of simulator algorithm using stress fegcthputed from molecular staticSee text for details.




The atomisticdomain measute200 nm wide in the-direction, 100 nm high in
the z-direction, and 3 nm deep in tlyedirection, representing a total of ~3X1&toms.
Thedomain wasoth subjected to periodic boundary conditions inxthedy directions
and the bottom layer of atoms in thelirection is fixed A cylindrical 6 wi inderder

(infinitely long, with axisin y-direction field pushedn an atom with a force equal to

F(r)= K R)?, (4.34)
whereK is the force constant (taken to be 10&%ih this work),r is the distance from
the indenter axis to the atom, aRds the radius of the indenter (25 nm for the discussion

in this section). No force acts outside the radius of the indenter-(e> R) 0. The
indenter field $ lowered into the film less than 0.05nm between energy minimizations, a
rateat which the results obtained rgenot sensitive to the exact lowering rate.

The maximum contact pressure is located at the center of the contact zone, and is
equivalent to-s,, at that point.To estimate the maximum contact pressure from an

indentedatomistic configuration, atoms we binned into 3 nAwide annular segments
centered below the indenter axis, each of widghrin. Note that the average atomistic

-5,, in each bins only weakly dpendent on the bin dimensionss shown inFigure

4.5, the binned atomistic-s,, along the centerline below the contact zone varies

guadratically withdistance to the indenter axiBhe quadraticif (denoted by the solid
line) was then used to extrapolate the contact pressure to the center of subdaater

contact zone (i.e., at the point of contact between the indenter and substrate), where the
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maximumcontact pressure is expectdthe average of the extrapolation ugithe two

annular region sizes wdaken to be the maximum contact pressure value.

10

2

O 05 1 15 2 25 3
Distance (nm)

Figure 4.5. Binned atomistic pressure (circles) and quadratic fit (lirfe>®.999) as a
function of distance normal to the caat point between the @m-diameter cylindrical
indenter and substrate, predicted by qstaiic indentation of &iygGe)» slab. The

annular segments used to bin the pressures are 3 nm wide (centeredhbeloadenter)

and 0.5 nm thickThe s, profile shown here correspondsda indenter applied with a
force per length of 6.57 x FON/nm.
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Maximum contact pressures obtained from indented atomistic configurations are

shown as a function of applied indenter fepes-unit length inFigure4.6 (redline). The
effective i ndentEgr 450 GRanigtbes extracteduby matching the

atomistic contact pressure ddtaa finite element model using thanisotropicelastic
propertiesof the Tersoff potential (SEEable4.3; Poi s s, o, foiGtle indeater was
chosen to match Tersoff predicted properties for silicbhg finite element analysis is
performedby imposing a body force on the indenter, andhtbalving the stress problem
using plane strain analysis€(, infinite in the y-direction). Note that thecontinuum
estimate for the maximum contact pressure begins to deviate from the atomistic

simulation results above abolb GPa but show nearly pegtt agreement up until that

point.
Table4.3. Elastic constants for &Gey,. Tersoff potential valuesor f i | m and
ratio of indentetaken from ref[94]
Material | Cyy Ci2 Cua Youngods |[Poi sson@
(GPa) | (GPa) | (GPa) | \10dulus (GPa)
SipeGeyr |147.4 |73 69.4 99 0.33
Indenter 450 0.35
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F/L (10°N/nm)

Figure 4.6. Maximum contact pressure obtained from energy minimization of an atomisti
model (red line), along with theontinuum analysis fit to the data (green ljrfej the indentation
of a Sh¢Ge» film using a 25 nm (radius) cylindrical indent&ee text fodetails.
4.4  Simulation Results

Using molecular statics calculations to calculate the stress field proved extremely
computationally costly; indenting to 15 GPa of maximum contactspresrequired
~1600 CPUhours.Given the computational costs associated watlving for stress fields

via molecular staticsall simulation results presented in the remainder of the thesis are

based on the continuum stress field calculations described in S€&i8n
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Shown inFigure 4.7( a ) i's an exampl e pJ gememtedsby anai n
infinite cylindrical wire indenter with diameter 80 nm, assuming isotropic mechanical
properties of SisGe 2, along with themesh used to generate the stress fi€idure
4.7(b)). Note that the stress field is mapped onto the undeformed (LKMC) domain. The
Sio.sGa 2 film dimensions, whichwere also used for all LKMC wire indenter simulations,
are 210.3 nm in the-direction (corresponding to 384 ,3G& 2 unit cells with lattice
parameter 0.5476681 nf3]) and 157.7 nm in thedirection (288 unit cells). lFigure

4.7(c), the maximum contact pressuré, at the center of the contact zone) is shown as

a function of indenter force per unit length of the cylindricatlenter for three
calculations.The anisotropic case is shown by the blue line, the corresponding isotropic
case is shown in green, and the result of a Hertzian contact analysis is shown by the black
dashed line The Hertz model requires an effective madylE,, which is defined

according to the relationship

1-ny 1-4
Si + iGe , 43
ESi ESiGe ( 5)

1 _
EI’
Using the values inTable4.2, E; = 69 GPaAccording to the Hertz modedjiven a force

F, for a sphere with radiug, the maximum contact pressuf,located at the centerf

the contact zone, is given by

P=ess 6 (4.36)

(4.37)
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For maximum contact pressures less than about 10 GPa all three cases are in
excellent quantitative agreement. Slightly larger deviations are visible as the maximum
contact pressure is increased to 20 GPa, but these are generally less than about 5%,

justifying the use of the isotropic elasticity assumption.
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Figure4.7. ( a) S t)rire thesxzplane generated by an infinite (i) cylindrical wire indenter ofdiameter 80 nm,
corresponding to a maximum contact pressure of 15 GPgeadamto the undeformed domaResult from plane strain
calculation assuming isotropic elasticifyp) FEM mesh used to gemate the stress field in (#) Indenter force versus
maximum contact pressure for 80 {aliameter, infinitely long, cylindrical indenter againsp s&8& .. Blue linei anistropic

elasticity, green ling isotropic elasticity, black dashed lihdHertz contact model.



Our first simulations were designed to mimic the experimental conditions
reported inChapter 2 Briefly, an array of spherical indenter tifSeeFigure4.8(e)), 80
nm in diameter and 200 nm apart in pitch, wakented to maximum contact pressures of
20-45 GPa at temperatures ranging from-39000°C. We note here thatompositional
analysis was only performed for cases inchhthe maximum contact pressuvas above
~35 GPa, which is generally higher than the situations considered here computationally.
In fact, such high indenter forces are generallyesidble because of the risk of plastic
deformation in the film, and because of damage to the indenggr asrwell as the film
surface.Nonetheless, these cases were used for the imaging and compositional analysis

because the surf amag kleamadge rs eérhvee d nads na ed

Shown inFigure 4.8(a,b) are Ge concentration profiles in an initially uniform
SipsGey 2 domain predicted by LKMC simulation folving three hours of thermal
annealing at 1000C under the action of a spherical 80-drameter indenter. For all
spherical indenter simulations, we employed an LKMC domain with dimensions 210.3
nm (384 unit cells) x 210.3 nm (384 unit cells) x 157.7(888 unit cells) irx, y, andz,
respectively. Shown in snapshot (a) is the composition for the case where the maximum
contact pressure is 9 GPa, while (b) corresponds to a maximum contact pressure of 35
GPa. Shown in panels (c,d) are the correspondingiegpptress fields. Computed Ge
concentration profiles along thxedirection are shown ifigure4.8(f) for the top layer of
LKMC cells for the two indenter cases, as well as an intermediate case where the
maximum contact pressure was 21 GPa. Note that the profiles represent two periodic

images of the actual LKMC domain placed simeside in thex-diredion. Also shown in
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Figure 4.8(f) are the results ofompositionalanalysisfrom experimentat an estimated

maximum contact pressure of 35 GPa.

Both the 21 GPa andb35Pa simulations show essentially complete Ge depletion
below the indenter, in agreement with the experimental profiles. However, discrepancies
exist in the shape of depletion zone. While the 21 GPa simulation result appears to align
well with the experirantal profile in the center of the depletion zone, the 35 GPa case
shows a wider zone of complete depletion. On the other hand, neither case shows the
broad partial depletion zone exhddt in the experimental profilelhere are several
factors that may adribute to the discrepancy. First, the activation mwuparameters
discussed earliemn section4.2.1, which describe the dependence of diffusion rates on
stress are somewhat uncertain. Although, in principle, these parameters were validated in
ref. [38] by comparison to interdiffusion experiments, the stresses considered here are far
larger and uncertainty in these parameters could have more significant impact.
Computational estimates of these parametalisbe madein Chapter 6 Second, our
assumption of a spherical indenter tip may not be accurate; it is difficult to determine the
indenter tip shape from the imageRigure4.8(e) and further analysis would be required
to obtain a better representation. Next, it is possible that the high indenter forces lead to
plastic defomation of the indenters, changing both the applied stress and the effective tip
shape during the annealing process. Although no plastic deformation was observed by
XTEM in the SpsGey» wafer, the large indenter force led to fusing between the indenter
ard SbsGey, substrate surface, which may be associated with someelastic
deformation of the indenter. Again, additional analysis of the indenter array following the

thermalanneal would be required to rule out this possibility. Lastly, we note tbat t
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experimental measurements of composition are themselves subject to some uncertainty,
which we estimate here to be less than abe2fielin the reported composition, based on

the EDS beam intensity calibration procedure reportedfii33]. Taken together, these
uncertainties may gigest that a quantitatively perfect prediction of the exact shape of the
depletion zone below each indenter maybegmils ed goal , and that 0
such as the extent of depletion, and the overall collective pattern created by arrays of
indenters, are better ones to target with simulations. Further experiments and

corresponding simulations will be required to fully assess this issue.
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Figure 4.8. Simulated Ge concentration profiles (a,b) in an initially uniformsS& » film following 3 hours of thermal
annealing at 1000C under stresses (c,d) induced by contact with an 8@iameter spherical indenter with maximum contact
pressure of 9 GPa @,and 35 GPa (b,d). Note that-(d) show an xzlane of the thredimensional simulation domain taken

at the center of contact in y; this convention is used througho@thpter (e) Scanning electron microscopy (SEM) image of
the Si nanopillar indeet array used in thexperiments reported iG@hapter 2 (f) Nearsurface (see text) Ge concentration as a
function of xposition. Black liné experimental EDS measment with maximum contact pressure ~35 GPa (based on Hertz
contact model), blue lie LKMC with maximum contact pressure 9 GPa, reddind&KMC simulation with maximum contact
pressure 21 GPa, purple llhheé. KMC with maximum contact pressure 35 GPa. All LKMithalations performed with coarse
cell sizeL.=6.56 nm. Note that the simulation profiles in (f) represent two copies of the actual simulation domain.



A more subtle discrepancy between the simulation and experimental
compositional profiles irFigure 4.8(f) may be observed in the fluctuation amplitude
which is notably higher in the experimental case. The EDS technique uSéadpter 1
produces compositions that are averages over cubic doragitie surface that are
estimated to be about 3x3x3 hin size. On the other hand, the LKMC cubic cells used
to generate the data igure4.8 were chosen to be 6.56 nm on a side (corresponding to
12 unit cells of SigGe, with lattice parameter 0.546681 nm), representing an
approximately 16old increase in the number of atoms p&eraging sulyolume. Our
choice ofL¢=6.56 nm, which is usedf all simulations in this Chaptewas largely
predicated on computational cost; LKMC simulations with double the resolution in each
dimension, i.e.Lc=3.28 nm, take about 8 times bBr to perform than those at the
Leei=6.56 nm resolution, which was rather prohibitive for the fully thdieeensional
LKMC simulations used in the spherical indenteresagiowever, as shown kgure4.9
for a set of reference twdimensional wire indenter simulations with different coarse cell
sizes, the impact of cell size is largely restricted to the magnitude of compositional

fluctuations and does not materiadliger the nature of the compositional profile.
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Figure 4.9. Ge concentration profiles in the top layer of coarse cells ofpgG8j.
substrate subjected to a 80 +4ailameter cylindrical wire indenter following 3 hours of
annealing at 1000C. The maximum contact pressure was 18 GPa. Individual profiles
obtained with different LKMC coarse cell sizes: Gialy.i=2.19 nm (512 atoms/cell),
blued Lcei=3.28 nm (1,728 atoms/cell), oradgécei=4.37 nm (4,096 atoms/cell), pidk
Leei=6.56 nm (13,824 atoms/cell). Note that all wire indenter simulations are based on
two-dimensional LKMC domains that are a single cell thick inytdeection.

We dso used the wire indenter case to test an important assumption that was
introduced earlier, namely that the stress field does not need to be dynamically updated as
the compositional redistribution takes place. Showirigure 4.10 are steadhptate Ge
concentrations (annealing time much longer than 3 hours) in the top layer of cells for the

same conditionssathose used to generd&gure4.9. The black line shows the solution
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using the elastic constants of the initial homogeneopgs8i » material. The blue line
shows the profile that results when the stestdye compositional field is used to
compute consistent (spatialyarying) elastic constantand lattice mismatctand the
simulation continued until steadstate. The fact that theserofiles are essentially
identical confirms that, at least for Si and Ge, l#téce strain and smadifferences in

the elastic constants do not play qualitatively important roles in the compositional

redistribution.

40

% Ge

X (nm)

Figure 4.10. Steadystate Ge concentration profiles in top layer of LKMC cells of an
initially uniform Si ¢Ge& 2 film subjected to an 80 mdiameter wire indenter (maximum
contact pressure of 18 GPa) and annealed at TG00Red lin® elastic constants
corresponding to initial (uniform) composition, blue Bnwith lattice mismatch and
elastic constants corresponding to spatiadyying steadystate compositional profile.
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Next, the dependence of the Ge depletion effect on the type of indeaser
investigated. As shown iRigure4.11, wire indenters lead to qualitatively different stress
fields than those produced by spherical indenters. Most notatdye of the film is
subjected to compression when indented using a wire indenter, making the smaller areas
of zero compressioim the neaisurface regionadjacent to the contact zone attractors for
Ge atomsresulting in enhanced Ge concentrations abtweebiackground 20% value.
Consequently, Ge profiles resulting from wire indentation show a stronger Ge
concentration difference at the edge of the depletion zone, which may be useful in the
context of QCS design where large concentration changes acrodsdstaices are
required for confinement and isolation. Although not shown here, upon further annealing
the region of enhanced Ge concentration gradually continues to broaden and eventually

extends across nearly the entire rearface region.
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orange lin® wire indenter, blue lin@ spherical indeter. As noted earlier, the spherical indenter LKMC simulation results
represent arzslice taken from a thregimensional domain, while the wire indenter simulations arediw@nsional.



In fact, any practical approach for QCS engineering in the present context will
require the capability of enhancing Ge in localized regions. Generally speaking, ideal
guantum confinement structures are comprised of sharply delineated regions of a lower
bardgap material, isolated by surrounding material with a higher electronic bajafjap
Given that the bandgap of SiGe decreaséh e compositior[96], a QCSrelevant
configuration requires a high Ge concentration region suremingy a lower Ge
concentrationThe stress patternirgpproach described here, generally tends to push Ge
atoms away because the applied stress islynosinpressive in natur@uilding on the
result in Figure 4.11, we smulated the Ge distribution in a system where two wire
indenters were placed 105 nm apart, rather than the 210 nm padhrutghe previous
simulations.As shown inFigure 4.12, this configuration (orange line) leads to well
defined regions of Ge enhancement (over 40%) separated by almost completely Ge
depleted regions by very high compositional gradients. By contrast, the 210 nm pitch
configuration (blue line) onlproduces a peak Ge concentration of 30%, and which is
nortuniform across the Genhanced region. These results provide preliminary evidence
for the ability of the stresmediated patterning approach to produce technologically
relevant compositional configations. Systematic optimization of indenter configuration
is tantamount to solving an inverse problem in which the indenter geometry, along with
other processing parameters, are found for a given desired (and feasible) compositional

configuration; thigs the subject oChapter 5
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Finally, we address the dynamics of stressdiated Ge redistribution. The
temporal evolution of the Ge profile ding thermal annealing at 100C under applied
stress is shown ifrigure 4.13 for the case of an 80 ndiameter spherical indesr
exerting 4 GPa maximum contact pressurAs shown by the twalimensional
compositional profiles @) and the neasurface compositional scans (e), three hours is
sufficient for the Ge compositional distribution to reach steady state, at leastéyitbre
of strong Ge depletionThe impact of annealing temperature on the redistribution
dynamics was analyzed by considering the Ge evolution due to the application on an 80
nm-diameter wire indenter (maximum contact pressure of 18 GPa). As expected, the
diffusionrmediated process follows Arrhenius behavior in which the time to reach the
patterned configuration shown iRigure 4.14(a), was found to obey an Arrhenius

relationship of the fornt =aexp{ /T). The best fit is shown iRigure4.14(b): a= 1.5 x

10** minutes andb = 4.7 x 16 K. In practice, increased redistribution dynamics with
higher temperatures must be balanced against material softening and a higher chance for
plastic defect formation. We also note that point defect diffusivity is also strongly
influenced by stress as discussed in Sextion 4.2.1, and the activation voluen
parameters reported in eqd.14) also are expected to have substantial effects on the
patterning timescale. A limited sensitivity analysis with respethése parameters was
performed in which all 4 parameters were scaled by a single constant ranging frem 0.75
2.0. The results (not shown) indicate that while the final Ge distribution is unaffected by

the activation volume scaling, the timescale for paiibg is, unsurprisingly, quite
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sensitive to these parameters. The large uncertaitbhegeparameters will be addressed

in Chapter 6
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4.5

Conclusions

The ability to compositionally pattern largeea thin films comprised of solid

solution alloys (e.g., SiGe) using elastic fields generated by ordered arrays ef nano

indenters presents an exciting opportunity to engineer laterallgnized, three

dimensionally quanturgonfined structures. The essential idea behind this approach is

appealingly simplé the larger atomic species in the alloy will be driven away by

diffusion from regions of compression immediately below the indenterdjrgydateral,

as

we | | a

S vertical

, compofpri nonpl edgradper

demonstrations have been successful, it is immediately obvious that optimization of

stressdriven compositional patterning requires the simultaneous idsmasion of
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numerous process parameters and constraints. Example parameters include indenter
shape, pitch and array geometry, annealing temperaoeehistory, and initial alloy
composition, to name a few. Constraints include the formation of plaséctslesuch as
dislocations if the stresses created by the indenters are too high. Such defects may pose
irreversible sinks for point defects, hindering the patterning process. Given the challenges
associated with characterization of structure and composit the nanoscale in such
materials, a predictive model for strefsven compositional patterning is highly

desirable for carrying out systematic studies.

The goals of thisvork are twefold. First, it was shown that such a model can
indeed be construetl, even though interdiffusion in SiGe is surprisingly complex given
the strong dependence of point defect diffusion (which is the primary transport mediator)
on time and spac&arying temperature, composition and stress. Second, we used the
model to invstigate the impact of some of the process parameters on the resulting
compositional patterns. Most importantly, we were able to demonstrate that it is possible
to enhance, as well as deplete, Ge concentrations. In its simplest interpretation, the stress
di ven compositional patterni ngwaapPp rcooancthr od g
which the larger Ge atoms are driven away from localized regions of high compressive
stress below each indenter, leaving behind localgrBiched regions embedded in the
SiGe background. Unfortunately, such configurations are not useful as QCSs because
guantum confinement requires that the smaller bandgap region (high Ge content) be
embedded in a larger bandgap environment (low Ge content). However, usifikevire
indentkrs that are closely spaced, we found that localized regiaes@tompressiocan

be created in the neaurface region of the alloy substrate, which then attract Ge atoms
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and create weltlefined regions in which the Ge content is above the backgrdlayd a
composition. While these results are somewhat preliminary, they do suggest that

optimization of the approach could lead to very useful compositional configurations.
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Chapter 5. Generating Ge Quantum Dots Using Complex Nanoindenter
Geometries and AnnealingSchedules

5.1 Introduction

In Chapter 2and Chapter 4 we demonstrated that annealing a.Sie, wafer
subjected to spatially varying steedields from an indenter array can lead to
compositional segregation in the naarface region of the filmTo summarize, we
applied an array of Si nanoindenters to afSg, thin film, creating a periodic stress
field in the near surface region of tHém. Annealing the stressed film at high
temperatures lead to a compositional redistribution of Si and Ge atoms commensurate
with the applied stress field such that the larger Ge atoms preferentially diffused away

from the regions of compression.

An inherent limitation of this approach is that we are restricted to applying
compressive stress fields in the region of the film near the indenters. Since Ge is larger
than Si, Ge atoms preferentially migrate away from compression, which leads to regions
of enhanced Si near the center of indentation. However, from a quantum confinement
perspective, we desire the opposgeneral configuratigni.e, localized regions of
enhancedGe concentrationsembedded ina background of lower Ge content. This
requirement idriven by the fact thathe bandgap of SiGe decreases with Ge content
becausdése has a smaller bandgap thanf$]. Previous work in the literatur@bserved
that Stcapped, Ge QCSs that measure ~160 nm laterally and ~20 nm in dreigimall
enough laterally to begito exhibit in-plane confinement effects, while tiseze of the
structures in the vertical direction leadsdonfinement effest an order of magnitude

higher[98]. Furthemore in bulk Si.xGeg,, the band gap decreasssmore than 15% as
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increases from 0 to 0.85, while it decreases roughly the same amountesases from
0.85t0 1[97]. Thus, we aim to generate small (< 100 nm), nearly pure Ge features (Ge

concentration in SiGe > 85%) embedded in lo@erconcentration SiGe.

The focus of this Chapter is the study of the complex parameter space that defines
the stress transfer process introduced in the prior Chapters. In partil@port on the
impact of geometrically complex indenter arrays, teralppwvariable stress fields during
annealing, and substrate compositiove first present an overviewof additional
methodologcal advances required to tackle the larger simulation domains and then
discuss various processing strategies for creating pallgntuseful compositional
patterns. Finally,we conclude with potential applications for annealing under the

influence of complex stress states.

5.2  Lattice Kinetic Monte Carlo (LKMC) Model

In Chapter 4a lattice kinetic Monte Carlo (LKMC) framewokkas developetb
describe pointlefect mediated interdiffusion & andGein Si.xGe; alloys subjected to
spatially varying stress fields. i defect diffusion in unstrained SiGe is well described
by a vast literatur§¢38]. We included the impact of strain by modifying the diffusivities
of defects via the formalism of Azi{B32], and we parameterized gradient effects using

molecular statics calculations.

Recall that he move basis for the LKMC algorithm is an exchange &f atan

andGeatom between neighboring cells, the rates of which are
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whereLcg is the distance between the centers of the two cebsd2) participating in

the exchange andy is the number of atoms in each cell. The correlation factor for
atomic motion resulting from defect jumpk,and fy, are taken to be 0.7 arl5,
respectively[38]. Point defect transport capacitid3.Ca), normalized by the atomic site

density, C, ~ 5x10°>atoms/ cr, were obtained from the fitting of experimental data

taken at different compositions and temperatures, modified according to the local stress
field [32, 38]. The probabilities of pickingither Si or Ge within a celP®, are functions
of composition, temperature, and compositional/stress gradients between the two cells

participating in the exchang@dditional details may be found in Chapter 4.

52.1 iNet dKMOFramework

In order to facilitate larger scale simudeis at finer resolutionye adpt t he A neH
rat eo f mteodueedhy ISkyder et al[52]. This framework, in general, can be
useful for any KMC simulatiordescribed usinga@ move basis comprised of pairs of
reversible reactiongExchanges betwedwo neighboring cellsby definition a reversible

reaction pair, are consideredaséne et 0 event:

r

netl<->2

Foe-ss, T s - (5.2
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Once a net event is selected, the direction of the exchange is determined by the

sign of rge. g, - T @, if T,

o s, a Ge from cell 1 is exchanged with an Si

>l e
from cell 2, and vice versas shown inFigure 5.1, this approximationminimally
impacts the extent of patterning, but entirely dampens the noise of the s¢&Rjon
Figure5.1(a) shows the steagstate compositiondluctuations in a uniform 20% Ge film
without the impact of externally applied stress. In the net event case, the fluctuations are
entirely dampenedTo illustrate the impact of net event on a typical LKMC simulation,
Figure5.1(b) shows one of the cas'sm Chapter 4with and without using the net event
construct. The solutio is essentiallyunchangedy the net event approximation. Note

that impact of noise dampening is low because the relatively large (6686 nnt

LKMC cells) correspond to a resolution at which fluctuations are quite 8naallshown

in Figure5.1(a) the compositional fluctuations scale inversely with the number of atoms

in each cell.

The magnitude of the computational gains associated with net event depend on
theffisé¢esso in the event rates; |l f there ar
events, the sum of the rates (and, hence, the time steflispter ) is daninated by
the fast events. For the systems considered in this Chathiercomputational
performance gainseen arejuite substantialthe net event method requir€§10%), on
average,less CPU time than the full LKMC methodolog@iven that the net event
solutionminimally devidesfrom the full LKMC solution the huge computational gains
associated with net event LKMC, and the minimal impawctthe noise observed at
relevant cell sizes using the full model, our choice of using nett &kaWC is justified

for all theresults presented in this Chapter.
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Figure5.1. (a) Standard deviation of Ge concentration in uniform 20% Ge film with no
externally applied stress field(b) Top cell concentration profilef Ge concentration
fields in SiGe film during annealing at 1000 under a spherical indenter of diameter 80
nm and maximum contact pressure 21 GHeeChapter 4. Green is net event LKMC
and red is full LKMC.
5.2.2 Multiresolution LKMC

We have alsoextenad the LKMC frameworkby introducing a variable grid
resolution (i.e., variable cell size) capabiliip order to locallyincrease resolution as
desired withoutncurring the overhead of increased resolution everywhiereegions of
constant cel | si ze, the move basis and r
framework remains the sam@igure 5.2(c)). For exchanges across boundarias
depicted inFigure5.2(b), thefor nei ghboring smaller cell s a
c e | The smaller cell within the composite cell that contains the atom participating in
the exchange is chosen at randoifhe Vlachos group55, 56] has derived rate
expressions for LKMC operating on a variable grid, modifying the first term on the right

in ecp. (5.1), asny: should bethe average maber of atoms in the composite cell and

larger cell, and_.¢; should bethe distance between the center of the larger cell and the
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center ofthe composite cellThe transport cagdies in @s. (5.1) are computed based on
the weighted average of the corsjie cell and the larger cell.

A sample LKMC grid is shown ifrigure 5.2(d). All LKMC domains had two
layers ofLcen = 3.28 nm LKMC cells (1,728 atoms/cetih the top surface i with Legy
=6.56 nm LKMC cells (13,824 atoms/cell) beneath until the bottonaserin an effort
to enhance resolan in the near surface regionPeriodic boundary conditions were
imposed in thex- andy-directions, and no flux boundary conditions were imposed in the

z-direction.The depth of all domains in tlzedirectionwas 1577 nm.
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Figure5.2. (a) schematic of changing entirely high resolution region of L&Momain to
variable resolution(b) schematic of exchanges between regions casedriof two

different cell sizes (c) chematic of exchages between equally size cells (d) sample

LKMC grid. See text for details.
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5.3  Continuum Stress Calculation

Stress fields in the SiGe filmnder the impact of indentation from 8nindenter
were computed by solving a linear elasticity confamblem with the finite element
method (FEM)using the COMSOL software packaf@0], as previously described in
Chapter 4 To summarize,computing a solution to the linear elastic stressblem

involves simultaneously solving the equilibrium equations,

PO b , (5.3
with 0 being the stress tensor andeing the body force (per volume) vector, the strain

displacement relationships,

Lo4’otal Z%g Dﬂ +B L (54)

where U is the strain tensor andis the vector of displacements, and the constitutive

relations,

lj: C Egstici (55)
whereC is the stiffness tensor, alulgject to boundary condition8Ve note that due to

compositional patterning in initially homogenous.,&e, (... M. Yielding
additional relationsthL... = M- ukh, where the spatially variabld, tensor is,
()ﬁnitial - )QOcaI)l’ (56)
with x being the Ge fractio[B8].
Here in order to consider netwo-dimensionabnd axisymmetrigeometrieswe

solvedthe fully threedimensional stress problerA. sample of he grid used to compute
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stresses for all the studies in this Chaptshewn inFigure5.3. The mesh was graded so
that the resolution was increased at the top of the substrate and bottom of the indenter,
i.e., in thevicinity of the contact zone&ensitivity of the solution to the mesh is discussed

in the following Section.
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Figure5.3. Example mesh and geometry used to solve stress problems in this Chapter.

Most of the studies presented in this Chapter were of a-cuigicted indenter
array. For these cases, ithe substrate, we impose@rmdic boundary conditions in
lateral dimensionsx(andy), the bottomz-boundary was fixed, and the ta@goundary

was tractiorfree except in the contact regidfor indentersa specifieddisplacement on
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the top surface was appliepushing it into theSiGe film, periodic boundary conditions
were applied inx andy and traction free boundary conditions were imposed on the
indenter tip, except in the contact regidmwo symmetry planes were drawn through the

centralz axis(in x andy) of the domain inlhcases to assist in convergence.

In a study on array patterns, however, we used a regular hexagonal substrate
(Section5.4.3. In these cases, the boundary dtnds were identical to the cubic array,
except that the periodicity was applied on the 3 pairs of opposing faces, as opposed to the
x- andy- directions. In all cases,ewsed the full anisotropic stiffness tensor (with cubic
symmetry) when solving theonstitutve stressstrain relationshipThe elastic constants
usedfor Si and Gewere reported irChapter 4 and we linearly interpolated between Si
and Ge valueto obtain the values for SiGe.. We assume that the elastic constants are
invariant with respect to temperature, and we further assume that the stress solution does

not need to be updated as the composition evolwesn the analysis i€hapter 4

5.3.1 Analysis of Mesh Used During Stress Computation

The COMSOL software package was used to generatedimemsional meshes
for both the indenter and substrate, whichrevthen used to solve the linear elasticity
problem described in the beginning of SectmB. The mesh was graded so that the
resolution was increased at the tdjthe substrate and bottom of the indenter, i.e., in the
vicinity of the contact zone.

In Chapter 4where only 2D stress solutions were used in all of the sfuadieery

fine mesh was used in all cases such that the answer was not sensitive titeattxact
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mesh resolutionn 3D, however, we were unable to use a mesh with such fine resolution
near the contact zone, due to the enormous increase in computaipese in
transitioningfrom 2D to 3D stress analysi$hus, a very coarse mesh analysis was
performed in order to estimate the optimal grid resolution required for the continuum
stress calculations presented in this Chapter.

The mesh analysis was parfted using an infinitely long wire indenter with a
diameter of 125 nm and with indentation strength corresponding to a maximum contact
pressure of 18 GPa. The substrate dimensions were set to be 210.3 nmxdireébgon,

210.3 iny-direction, and 157.7 nm in thedirection. The stress was computed for three
meshes withHL9490, 37957, and 99716 degrees of freedgrimdenting a small amount,
increasing the indentation amount slightly-smving the stress problem using the
solutionas an initial guess, and repeating until the desired contact pressure was achieved;
the substrate grids are shownHigure 5.4, along withthe zzcomponent of the s#ss

fields at the top of the substrate. Correspondumgtimes for the stress calculations were
approximately 0.5, 1.3, and 4.5 hours, respectivech of the three stress fields were
then intepolated onto the LKMC domairSimulations of the compositial evolution,
starting with uniform SisGe, 2, were performed for a 3 hour thermal anneal at 1000°C.

Shown in Figure 5.5(a) arethe concentration profiles, averageder they-
direction, in the top layer of LKMC cellsising the interpolated stress fields generated by
each of the three meshes showirigure5.4. While thecoarsest grid shows some minor
deviations in the Ge concentration at the edges of the indentation region, the other two

grids lead to compositional profiles that are in excellent agreement.
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Figure5.5. (a) Composition and (b) stdard deviation in top layer of LKMC cells after 3

hours of annealing @000 °C after solving stress problem using mesligure 5.4(a)

(red), mesh irFigure5.4(b) (blue), mesh irrigure5.4(c) (green).

In Figure5.5(b), the standard deviatioof the concentration alorie y-direction

is shown for each casBlote that the wire indenter geometry should correspond to zero

concentration gradients in thedi r ect i on, and since

framework, there should be essentially zero noise in the LKMC solution at the resolutions

considered (see S| 5.2.1). The enhanced standard deviation near the edge of the

we

ar

indenters indicates some error, but in each case the distortion is quite small (<3%). We

also computed thé?norm [99] of the concentratiorin the top layer ofLKMC cells

versus the finest solutiomvhich yields 4x10* cell* for the coarsest mesh, and 2%410

cell! for the intermediate meskhe error with the intermediate mesh is well below 1%.

Based on these observations the intermediate mesh resolution was used to generate grids

for all studies described in this Chapter.
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5.4 Resultsand Discussion

There is a very higldimensional parameter space associated with the patterning
process described irhis Chapter, along withiChapters 2 and 4A table listing the
parameters examined in tH@hapteris provided inTable5.1. The optimization of near
surface structures in Si Ge given this pal
problem, as the desired is result is known ahead of time, butat @brious which set of
parametersiflany) will achieve the goalThus, we have performed a set of simulations
on a small subset of this vast parametric spiicte that there aredditional elevant
parametersthat we did not consider, includingndentaton strength, annealg
temperature, and anneal time, although some of these were previously considered in
Chapter 4 In the interest of minimizing computational pense, ér all of the studies
presented in thiSection we consider substrates annealed under maximum indentation
contact pressures of 18 GPa for three hours at 1G00Unless otherwise stated, the

figures shown in this work are of the top layer ofs@llz (i.e., the topxy-plane of cells).

Table 5.1. Parametric space considered in this Chapter, with relevant subsection
considered.

Parameter Subsection
Indenter Size 541

Indenter Spacing (Pitch) | 5.4.2

Indenter Array Patterns | 5.4.3

Indenter Shape 544

Film Ge Concentration 545
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The geometry of the indenters considered is depicted schematicBlyuire5.6.
All indenters in this Section had a spical indenter cap, defined by thadius of
curvatureof the cap(Rcap), and the indentewidth (R). As shown inFigure 5.6(a), the
radius of curvature can exceed thdenter radiuvy any amount, allowing the study
theimpact of #Af | albadditors the imdeindentér spacing ip defined as the

pitch, p, as depicted ifigure5.6(b).
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Figure 5.6. (a) Sample indenter geometries, ranging fromphesical cap (radius of
curvatureof cap (Reap) = indenter radiugR)) to an indenter withR:s, >> R (b) Two
indenters separated by pitgh,

In LKMC studies on a cubioriented indenter array, all LKMC domains had
dimensions ik andy equal to the indenter pitch. A few periodic images are included to
highlight effects at the edge of the LKMC simulation box. For hexagonal oriented arrays,
since our LKMC simulator operates on a cubic lattice, we ran a large indenter simulation
box in LKMC that contained many images of the stress field generated. We then only
consider the central section ¢randy) of the large LKMC box to remove edge effects

resulting from the fact that the cubic LKMC domain is not aligned with the edge of the

outermosstress field image due to the incompatibility of hexagonal and cubic lattices.
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5.4.1 Indenter Size

To start, we examined the impact of indenter size for indenter tipsRail R,
when annealing a &Ge)» substrateat a cubic p of 210.3 nm.Figure 5.7 illustrates
compositional profiles overwaide range of indenter radiBigger indentergaused wider
depletion zones, and, in additiams t he i ndenter size Ingncreas:
upo of Ge in the area [HQ.rThiopleugis agsultdie i mp
increasing the relative volumes of the domain that are under compression, which leads to
a smaller volume of uncompressed regions for Ge to preferentially diffuse towards. This
effect is something we tried to exploit in subsequent studies presented later in this

Section.
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Figure5.7. Compositional prafes afterthermal annealing ad Sp sGey > substrate under the actioising a spherical indenter

tip measuring (iRcapandR) (a) 25 nmf) 100 nm €) 125 nm () 150 nm €) 175 nm f) 200 nm at acubicp of 210.3 nm.



5.4.2 Indenter Spacing (Pitch)

Since the pitch relative to indenter size impacts the amount of Ge pileup in the
areas surrounding the depletion zone, we next studied the effects of pitch at a given
spherical indenter sizeR{;,= R = 125 nm), annealing Sip s§G&) > substrate Figure 5.8
shows the compositional and stress fields for two pitch8snilar to the effects of
increasing indenter size at a given pitchyrowing thepitch at a given indenter size
clearly gets closer to our goal of applying compressive stress everywhere, except for
isolated regions, leading to much higher Ge bupdin the regions between indenters

that are unstressed
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Figure 5.8. Compositional (&b) and stress (@) profiles afterthermal annealingof a
Sio.eG& 2 substrateat 1000 °C using gpherical indenter tip withR.;p = R= 125 nm at a
cubicp of (a,c) 105.2nm (b,d) 210.3 nm.
5.4.3 Indenter Array Patterns

While the pitch and size of the indenter clearly are key factors that govern the
extent of Ge enhancement in the near surface region of the film, we next studied the array
geometry to see effects, if any, on the resulting compositional distnibupon thermal
annealing. Waealtered the geometry of the indenter array from cubic to hexagonal,

indentinga Sip sG&.» substrate with indenter geometry Rf,, = R = 125 nmat ap of

210.3 nm The resulting stress field and substrate composition afieeading are
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illustrated inFigure5.9. The effect of the array geometry was not very pronounced, with
minimal compositional differences at tipgtch considered, altbugh it is possible the

effect could be more important at diffatendenter spacing
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Figure 5.9. Compositional (&b) and stress {d) profiles afterthermal annealingof a
Sio.sGe 2 substrate at 1000 °C using a spherical indenter tip Ryt R= 125 nm at @
of 210.3 nm with an (a,c) cubic indenter array (b,d) hexagonal indenter array

5.4.4 Indenter Shape

We next ran a sequence of simulations of annealing an initially unifayg®& »
substrate at a cubpof 210.3 nm using an indenter with varyiRgy, at a fixed width R
=125 nm). Shown iFigure5.10 are the stress fields generated in this set of simulations.

What is immediately apparent is thdiere is a sharp interface between a small,
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uncompressed region, and the majority of the domahich is under compression, that
becomes more pronouncedRg, increasesThis effect is virtually the reverse of using a
fully spherical cap, which, at moderate pressures, imposes a highly focused stress field on
a small area of contact on the sadawhile leaving much of theearsurface region
underno stress

Figure 5.11 shows the compositional profiles in all cases. By using such flat
tipped indenters, wean clearly generate at least tdimensionally confined quantum
wires. HoweverFigure5.12 shows thez dependence of stress and composition for the
= 1000 nm and = 2000 nm case, and it is obvious that three dimensionally confined,
perfectly ordered, Ge quantum dots (QDs) have been generated, with lateral dimensions <

50 nm and vertical dimensions < 20 nm.
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Figure5.10. Stress field during thermal annealing of agSiey »substrate under the action
of an indenter wittR = 125 nm at a cubip of 210.3 nm for 3 hours at 100C for (a)

Reap= 125 nm (b)Reap = 500 nm (CRcap= 1000 nm (dRcap= 2000 nm.
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Figure5.11. Compositional profile after thermal annealing of asSie) 2 substrate under
the action an indenter witR = 125 nm at a cubip of 210.3 nm for 3 hours at 100C
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114



G, (GPa) % Ge

= S e =150 —~ 150 —~
0 £ E 100
» 75 £ s £ W
! g N o N

0 200 400 600 0 200 400 600
Y (nm) Y (nm)

9 (a) (b) 90
= ~’ ~’ =150 —~ 150 =
AAAL-: I -

- : .

-18 0 200 400 600 0 200 400 600 80

Y (nm) Y (nm)

Figure5.12. Stress field ) and compositional profiled] in yzplane atx = 210.3 nm for
(top) Reap = 1000 nm Kottom) Reap = 2000 nm after thermal annealing of a &e
substrate under the action of an indenter With125 nm at a cubip of 210.3 nm.
5.4.5 Film Ge Concentration

Finally, using an indentetip with Reap = R= 125 nmat a cubi@ of 210.3 nmwe
looked at theimpact of substrat composition on the profilegigure 5.13 shows the
resulting stress field and composition after annealing the substi@tes.would expect
the anount of Ge segregation near the surface to increase with increasing background Ge
in the initially uniform film, and this is indeed the cas@. more surprising resuylt
however, is thathe amount of Ge depletion in the contact zone appears to be relatively
fixed at nearly 100% over a wide range frord@b6 Ge initial substrate composition.
This result could have important implications for compositional contrast in the resulting
nearsurface structures in these casdswever, giventhe dramatic increase inost of
SipxGeg, with Ge composition, we would prefer to usgbstrates with lower amounts of
Ge, which isoneprimary reason we chose,gb&, » for most of the studies presented in

this Chapter.
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Figure5.13. Compositionabprofiles afterthermal annealing of a SiGe; substrate under
the action ofa gherical indenter tip withReap= R = 125 nm at aubic p of 210.3 nm
with the substrate compositions(@) 20% Ge (b) 40% Ge (c) 60% Ge (d) 80% Ge.
5.5 Variable Stress Anneals

Temporalvariation instress and temperatudeiring a thermal anneabmprises
amother section of the parametric spatteat governsthe patterning processVhile full
consideration of thiareais left to future work, we ran an example variable stress anneal
to demonstrate the viability of thi®ncept: We subjected a $Ge 2 film to a cylindrical

indenter with its axis thg-direction during an anneal for 3 hours at 1000 We then

rotatedthe stress field to make its axis in tkéirection @s in all of theotherresults in
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this Chapterwe did not recompute a stress field, as our previous analysis showed that
the impact of the indenter is far greater than the contribution from intemsahatch
stresses or the change in modudJ (seeChapter ¥), and then continued the anneal.
Figure 5.14 and Figure 5.15 show the results of this studylThere is a period (at
approximately one minute) that there was greater than 60% Ge in the near surface region
of the film, but it was very shoriThe precisionn timing required will make annealing
experimentally very difficultln addition, although not shown on the color scale which
was chosen to enhance patterning features in every image, the maximum composition in
the near surface region of the film is rblg 75% Ge in the brief moment of extreme
compositional enhancement after the rotation of the indenter arragult which shows
promise for the viability of the variable stremsproachA detailed parametric scan will

be difficult to conduct, howeveas the annealing schedule can vary over a wide range of

times before and after the stress field is changed.

117



Figure5.14. (a) Stress before (left) and after (righttation of cylindrical indenteafter 3
hours ofthermal annealing of a §G& »substrate annealed 1000°C (b) compositional
profile at time of rotation
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