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Abstract

The development of semiconductor device fabrication techniques which operate on com-
plex three-dimensional topographies strongly benefits from technology computer-aided
design (TCAD). Particularly important for intricate topographies and at the center of the
research presented in this thesis are selective epitaxial growth and anisotropic wet etching
processes, which are essential for fabricating fin field-effect transistors (fin FETs), sub-
strate patterning for efficient light emitting diodes (LEDs), and micro-electro-mechanical
systems (MEMS). The introduction of alternative materials to silicon (e.g., silicon car-
bide and sapphire) with their unique processing requirements further intensifies the need
for specialized TCAD algorithms and models.

In this thesis, to set the stage, the fundamental phenomena causing strong aniso-
tropy in selective epitaxy and wet etching are presented and various modeling approaches
are reviewed. Since continuum modeling approaches are particularly attractive for
TCAD, process simulations based on the level-set method are discussed in depth. How-
ever, the computational treatment of anisotropic processes with level-sets poses several
challenges involving numerical stability and sensitivity to the accuracy of the geometry
description. Hence, numerical methods for the level-set method, namely a novel finite
difference Stencil Lax-Friedrichs scheme and the deposition top layer method, which are
tailored to selective epitaxy and anisotropic wet etching are proposed and assessed with
respect to high accuracy and physical relevance.

The thus advanced level-set method enables the simulation of strongly anisotropic
steps manifesting in a variety of state-of-the-art semiconductor fabrication processes, in-
cluding source-drain engineering of FETs and LEDs. The involved crystalline materials
(e.g., silicon-germanium, silicon carbide, and sapphire) exhibit different crystal symme-
tries and induce complex topographies, which need to be accounted for by computational
methods. Hence, a general etch/deposition rate interpolation procedure which respects
the associated symmetry operation is proposed and evaluated. Moreover, a continuum
model for anisotropic wet etching of sapphire with phosphoric and sulfuric acid, which
covers different etchant mixtures and etching temperatures is presented. The capabil-
ity of the modeling approach is demonstrated by comparing the simulation results with
experimental observations from the literature.

Furthermore, closely coupled process and device simulations are investigated, which
allow to link process parameters with the resulting device characteristics. By way of
example, the impact of post-implantation annealing parameters on silicon carbide power
transistor characteristics are studied. Additionally, the sapphire wet etching model is
utilized to study geometrically patterned gallium nitride-based LED structures and char-
acterize the light extraction efficiency with ray-tracing calculations. These simulations
reveal the subset of the process parameter space resulting in optimal device characteris-
tics and thus corroborate the merits of level-set based process simulation.
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Kurzfassung

Die Entwicklung der Fertigungstechniken von Halbleiterbauelementen, die auf komple-
xen dreidimensionalen Topographien basieren, profitiert stark von rechnerunterstütztem
Technologie-Design. Selektive Epitaxie und anisotropes nasschemisches Ätzen sind her-
vorragend geeignet, um komplizierte Topographien zu realisieren. Diese Prozesse sind
essentiell für die Herstellung von flossenähnlichen Feldeffekttransistoren (fin FETs), geo-
metrisch strukturierten Substraten für effiziente Leuchtdioden (LED), sowie mikroelek-
tromechanische Systeme. Durch die Einführung von alternativen Materialien (z. B. Si-
liziumkarbid und Saphir) mit ihren besonderen Anforderungen an die Prozessierung
gewinnen spezialisierte TCAD Algorithmen und Modelle zunehmend an Bedeutung.

In dieser Dissertation werden zunächst die fundamentalen Phänomene, die der aus-
geprägten Anisotropie von selektiver Epitaxie und nasschemischen Ätzen zugrunde lie-
gen, präsentiert und verschiedene Modellierungsansätze besprochen. Da Kontinuummo-
delle gut geeignet sind im Kontext von TCAD, werden Prozesssimulationen mithilfe der
Level-Set Methode im Detail behandelt. Die rechnerische Behandlung von anisotropen
Prozessen mit der Level-Set Methode ist herausfordernd, insbesondere die numerische
Stabilität und die hohe Sensitivität der Methode auf numerische Ungenauigkeiten in
der Geometriebeschreibung. Daher werden numerische Verfahren für die Level-Set Me-
thode, im Speziellen ein neues Finite-Differenzen Stencil Lax-Friedrichs Verfahren und
die Abscheidungsdeckschicht-Methode, die auf das Rechenproblem der selektiven Epita-
xie und des anisotropen nasschemischen Ätzens zugeschnitten sind, vorgeschlagen und
bezüglich Simulationsgenauigkeit und physikalischer Relevanz evaluiert.

Die damit weiterentwickelte Level-Set Methode ermöglicht die Simulation von stark
anisotropen Prozessschritten in vielfältigen hochmodernen Halbleiterherstellungsprozes-
sen, einschließlich der Source-Drain Optimierung von FETs und der Herstellung von
LEDs. Die hier benötigten kristallinen Materialien (z. B. Silizium-Germanium, Silizi-
umkarbid und Saphir) zeigen unterschiedliche Kristallsymmetrien und erzeugen daher
komplexe Topographien. Die Kristallsymmetrien müssen folglich in den Rechenmodellen
akkurat abgebildet sein. In dieser Arbeit wird ein allgemeines Interpolationsverfahren
für Ätz- und Abscheidungsraten, das die jeweiligen Symmetrieoperationen respektiert,
vorgeschlagen und evaluiert. Daneben wird ein Kontinuummodel für anisotropes nassche-
misches Ätzen von Saphir mit Phosphor- und Schwefelsäure präsentiert, das verschiedene
Ätzgemische und Ätztemperaturen beschreibt. Die Eignung des Modellansatzes wird de-
monstriert, indem die Simulationsergebnisse mit experimentellen Beobachtungen aus der
wissenschaftlichen Literatur verglichen werden.

Außerdem werden gekoppelte Prozess- und Bauelementsimulationen behandelt, wel-
che die enge Verknüpfung von Prozessparametern und der resultierenden Bauelement-
charakteristiken ermöglichen. Beispielshaft wird zum einen der Einfluss von Prozesspa-
rametern der Post-Implantations-Wärmebehandlung auf die Bauelementcharakteristiken
von Siliziumkarbid Leistungstransistoren untersucht. Zum anderen wird das Saphir Ätz-
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kontinuumsmodell verwendet, um geometrisch strukturierte Galliumnitrid LED-Struk-
turen zu untersuchen und die Lichtextraktionseffizienz mit Strahlverfolgungsberechnun-
gen zu bestimmen. Diese Simulationen legen den Teilraum der Prozessparameter offen,
der zu optimalen Bauelementverhalten führt und demonstrieren damit die Vorzüge der
Level-Set Halbleiter-Prozesssimulation.
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ideas and was always open for valuable discussions, but also Vito Šimonka and Wolfgang
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1 Introduction

The extraordinary complexity of modern day’s semiconductor devices has been greatly
facilitated by simulation software. Motivated by the capability of reducing development
time and costs, various tools have been developed to support different stages of the fab-
rication of electrical circuits and their components (e.g., transistors). When designing a
semiconductor device, several challenges need to be addressed. The central question is
the optimal geometrical structure and choice of materials to achieve a desired function-
ality, e.g., switching characteristics of a transistor. The set of possible device designs is
limited by constraints imposed by the fabrication process: A feasible sequence of pro-
cess steps, practical material systems, and appropriate equipment need to be feasible
and reliable. Moreover, the development of novel semiconductor devices requires con-
stant innovations in fabrication techniques and materials. When individual components
are connected to each other, entire semiconductor systems, such as integrated circuits
(IC), are formed. Here, interconnections and packaging have to be optimized to fabricate
efficient and reliable systems.

All these facets of semiconductor fabrication are facilitated by computer simulation
techniques, motivating the following classification of modeling approaches: Equipment-
related, feature scale, and IC scale modeling (visualized in Fig. 1.1). The term feature
scale refers here to the level of individual components with its geometric features on
the length scale of nm or ➭m. The feature scale simulation of semiconductor device
fabrication as well as device and circuit operation is commonly referred to as technology
computer-aided design (TCAD) [1]–[3].

In general, a semiconductor device is composed of a stack of several thin material
layers built on a substrate (wafer). In device TCAD the electrical, optical, or mechanical
operational characteristics of semiconductor devices are calculated given the geometry
and material properties. Electrical simulations are concerned with the electrical opera-
tion of a device, including observable voltage and current levels on the external contacts.
These are based on models which use different levels of electronic transport theory and
electrostatics [4]. Light emission and absorption is essential in optoelectronic devices
and is calculated with methods from (quantum) optics [5]. The mechanical properties
of semiconductor materials are of interest for many actuators, sensors, and advanced
transistors (strain engineering) and are modeled with continuum mechanics [6]. Fur-
thermore, a profound understanding of phenomena like the thermoelectric [7] or the
piezoelectric effect [8] is essential in the field of MEMS [9]. By utilizing these modeling
techniques, device TCAD ultimately aims at predicting device behavior as seen from an
abstracted external perspective, e.g., by predicting current-voltage characteristics under
given operational conditions.

The characteristics of many semiconductor devices depend on the exact two-dimen-
sional (2D) or three-dimensional (3D) geometry of all material layers. The range of
technologically feasible geometries is affected by the details of the fabrication process.

1



1. Introduction

Feature Scale

• Front End Process Modeling

• Device Modeling

• Interconnects and Integrated
Passives Modeling

Equipment Scale

• Reactor Modeling

• Lithography Modeling

IC Scale

• Circuit Elements Modeling

• Package Simulation

Figure 1.1: Classification of modeling areas to support semiconductor device and circuit design. Front
end (of line) refers here to the fabrication processes which pattern the device before metal
layers (interconnects) are deposited [10]. Furthermore, there are fields which operate in
between, like reliability, design robustness, and yield optimization. This work focuses on
(front end) process modeling and also discusses how it can be combined with device modeling
(highlighted in blue).

A typical semiconductor chip is manufactured by hundreds of individual process steps.
In essence, these are based on processes which add material to the wafer (deposi-
tion), remove material from the wafer (etching), or change material properties (e.g.,
doping, annealing). The desired geometry is achieved using photolithography, where
semi-transparent masks are utilized to transfer photoresist patterns to the wafer. Pho-
toresist patterns act as masking regions which allow for spatial control of deposition,
etching, and doping processes. By performing these processes in succession, a plethora
of semiconductor device structures can be realized.

Motivational Fabrication Sequence

In order to illustrate the modeling of semiconductor fabrication processes, a simplified
(but realistic) exemplary fabrication process is shown in Fig. 1.2. The process steps are
designed to specifically pattern the surface of a sapphire wafer to achieve a 3D geometry
which is beneficial for LEDs. Starting with a sapphire wafer (substrate), photoresist and
hardmask (e.g., silicon nitride) layers are deposited. These layers protect certain regions
of the substrate from the subsequent reactive ion etching (RIE) step, which results in a
patterned sapphire surface. The sapphire wafer is subsequently processed by employing
an etching step using wet chemistry, giving rise to the desired 3D surface topography.

The fabrication flow of Fig. 1.2 illustrates that different processes are required.
Each of these processes is based on different underlying physical and chemical phenom-
ena. While anisotropic wet etching is a wet chemical process, where the entire wafer is
submerged in an etchant [11], RIE takes place in a low-pressure reaction chamber and
utilizes plasma phenomena [12]. It can thus be clearly seen that semiconductor process
modeling is a broad interdisciplinary field.

2
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PhotoresistHardmask

Sapphire Substrate

Hardmask + Resist
Deposition

RIE

Anisotropic 
Wet Etching

Patterned Substrate

Figure 1.2: Process steps to fabricate a patterned sapphire substrate (simplified).

In general, there are two main perspectives on process modeling: An equipment-
centered and a feature scale perspective. In the former, the entire reaction chamber and
the equipment geometry is considered and the impact of equipment-level parameters
(e.g., precursor gas flow) on deposition or etch rates is studied. Hereby, techniques from
fluid dynamics and heat transfer modeling are used to describe pressure, temperature
distribution, and (multi-step) chemical reactions in a reactor [13]–[15]. These approaches
support the equipment design and, for instance, enable the prediction of the variation of
deposition and etch rates across the wafer. Due to the large difference in length scale,
micro features of semiconducting and isolating substrates and films are typically not
described with equipment-focused modeling approaches.

In contrast, the second process modeling perspective (feature scale process mod-
eling) is concerned with micro features which are small in extension compared to the
reaction chamber [2]. The local surface topography and material properties are at the
center of attention in order to characterize the time evolution of the wafer surface. In
particular, the impact of process steps on essential geometry features and material prop-
erties are of importance. For instance, a slight misalignment of the photoresist pattern
in the RIE step of Fig. 1.2 can cause a deviation of the resulting etch profile. Hence,
variability is introduced, which is accumulated over multiple successive steps, and thus
needs to be considered my means of processing tolerances or ultimately in the device
design. Consequently, feature scale process modeling provides highly valuable informa-
tion for device TCAD. A computer simulation based on these modeling approaches is
referred to as semiconductor process simulation in this work and the field is generally
known as process TCAD [1], [2].

Process TCAD

In order to outline the main challenges of process TCAD, the final wet etching step of the
sapphire patterning process in Fig. 1.2 is considered. The etching removes material from
the sapphire wafer and thus affects the wafer geometry. The removal rate is determined
by the chemical reactions taking place on the wafer surface. An etch rate model describes
the relation between the strongly orientation-dependent removal rate and process condi-
tions. The process conditions are characterized by specific parameters which are in this

3



1. Introduction

Figure 1.3: Illustration of the main components of simulation methodology which describes the final
wet etching step of Fig. 1.2. The methodology shown here uses the level-set method to
describe the surface and calculate the time evolution with the indicated level-set equation.
The surface propagation rate is provided by an etch rate model. In general, a simulation
methodology employed in the context of process TCAD needs to accurately describe the
essential topographical features which are observed in the experiment and ultimately affect
semiconductor device functionality.

case etch chemistry composition (i.e., etchant mixture) and temperature. Hence, three
main components are important to develop a process model, as illustrated in Fig. 1.3:

• A method to describe the (potentially complex) 3D wafer surface geometry.

• A model describing how the wafer surface is changing during the process step.

• A method to move the surface according to the model (i.e., time evolution).

An important example for an elegant and convenient approach to describe complex 3D
surfaces is the level-set method [16]. The level-set method is, aside from process TCAD,

4



1. Introduction

also widely employed in various computer simulations, including hydrodynamics [17],
electroporation [18], and high-frequency wave propagation [19]. The surface geometry is
(implicitly) described with a multi-dimensional function, the level-set function φ. The
elegance of this approaches comes from the ability to easily handle topological changes
(such as coalescence of formerly separated islands) and from the uniform treatment of
2D and 3D geometries. These properties are highly beneficial for the simulation of
semiconductor fabrication processes. The level-set method also provides the ability to
move the wafer surface via the level-set equation. In the example of Fig. 1.3, the wafer
surface (described with φ) is propagated according to the etch rate model yielding a
surface velocity (denoted as V ), which results in the etch profile after a certain etch
time.

Since process TCAD directly supports device design, comparisons with experimental
results are highly important. This motivates the empirical approach, where data from
experiments, e.g., etch rates for specific crystal orientations, is incorporated into the
modeling process. Usually, models with a minimal number of parameters are desired.
Nevertheless, the most important topographical features need to be sufficiently resolved.

Selective Epitaxy and Anisotropic Wet Etching

Particularly complex typographical features are observed with inherently anisotropic
processes which include selective (hetero-)epitaxial growth and anisotropic wet etching.
The term inherently refers to direction-dependent deposition and etching processes which
are caused by the crystalline structure that the majority of semiconductor materials
exhibit. The inherent anisotropy of single-crystals results in the formation of crystal
facets which are surfaces of homogeneous orientations [20].

In addition to the previously mentioned patterned sapphire substrates, Fig. 1.4 de-
picts two device applications, where crystal facets play a decisive role: Stacked nanosheet
transistors and cantilever structures. Stacked nanosheet transistors feature epitaxially
grown source and drain stressors [21], [22], which are utilized to improve carrier mobility
by mechanically stressing the channel region of the transistor.

Cantilevers are traditionally fabricated with anisotropic wet etching and are em-
ployed to fabricate sensors and actuators [9]. Fig. 1.5 shows the source/drain epitaxial
growth step employed in the fabrication of fin FETs. Silicon-germaninum (SiGe) is se-
lectively grown only on Si regions and results in a faceted SiGe topography (also referred
to as SiGe crystals in the literature). The exact geometry of the crystals affects parasitic
resistances and capacitances and thus is an important device design parameter [23], [24].

Challenges when Modeling Inherently Anisotropic Processes

In the context of process TCAD, inherently anisotropic processes present two main
challenges. The first is the choice of an appropriate modeling approach. In general, ei-
ther macroscopic or microscopic aspects of epitaxial growth and anisotropic wet etching
are studied. Microscopic methods are well-suited for questions regarding the morphol-
ogy (i.e., microscopic surface features in the sub-nm range) of semiconductor surfaces.
However, the associated high computational effort is a limiting factor. Macroscopic ap-
proaches neglect the discrete nature of matter. As a consequence, certain phenomena,

5
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(a) (b)

Figure 1.4: (a) Stacked nanosheet geometry with epitaxially grown source and drain (red). The emerg-
ing silicon crystal facets are labeled and show the complex geometries resulting from selective
epitaxial growth [21], [22]. (b) A cavity structure which exposes a free cantilever. Produced
with anisotropic wet etching of a silicon substrate, the cantilever structure is employed for
various sensor applications [9].
Reprinted with permission from Toifl et al., IEEE Access 8, 115406 [25] (2020).
c: 2020 Authors, licensed under the Creative Commons Attribution 4.0 License (https://
creativecommons.org/licenses/by/4.0/).

such as crystal defect formation, are not captured. However, simulations of larger sys-
tems are enabled, e.g., multi-layered semiconductor devices structures. These approaches
are concerned with topography (i.e., geometric features on a larger, non-atomistic scale),
which allows for the application of the level-set method. Furthermore, the modeling
approach needs to appropriately incorporate the crystal symmetry of the processed ma-
terials.

The second challenge is related to the time evolution of the wafer surface during an
inherently anisotropic process. Even though the level-set method has been successfully
employed for other semiconductor processes [26]–[32], the strong orientation dependence
poses specific challenges. Since orientation-dependence implies sensitivity to the surface
geometry (via the local surface normal), an inter-dependency between the surface de-
scription and the growth or deposition model emerges. The consequence is that level-set
methods for these particular processes are demanding in terms of numerical stability and
robustness, even more so if multiple materials are present in the simulation domain [33],
[34]. An important requirement for the general applicability of a process simulation is
that the surface tracking method does not rely on problem-specific numerical parame-
ters. For the class of inherent anisotropic processes, critical numerical parameters are
the dissipation coefficients, which are introduced to stabilize the numerical solution of
the level-set equation. Hence, a method to determine these coefficients in a general way
is essential to enable reliable and widely applicable selective epitaxy and anisotropic wet
etching simulations.
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Figure 1.5: Different stages of selective epitaxial growth employed to fabricate source/drain crystals in
a fin FET structure [23], [24]. The crystals are employed to mechanically stress the channel
regions of the transistor, which enhances carrier mobility.

Combining Process and Device TCAD

Naturally, the computational methods developed in process TCAD can be packaged in
a software tool, the process simulator, which integrates methods and models for vari-
ous fabrication processes and thus plays an essential part in semiconductor simulation.
By forwarding the process TCAD predicted device geometry to a device simulator, the
range of possible scientific and engineering investigations is further broadened. A char-
acteristic example is the patterned substrate of Fig. 1.2: The substrate is utilized as the
foundation of gallium nitride (GaN)-based LEDs. A well-known effect in LED design
is that the shape of the sapphire substrate significantly impacts the overall efficiency
of the LED [35]. Combined process and device TCAD is thus essential to study how
process parameters of wet etching (e.g., etchant mixture or temperature) affect the the
final device performance. Investigations of this sort are the main motivation for the
topography-focused modeling approach presented in this thesis.
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1.1 Research Goals

Selective epitaxial growth and anisotropic wet etching are characterized by strongly
orientation-dependent growth/etch rates. As a consequence, the semiconductor struc-
tures fabricated with these processes exhibit crystal facets contributing to a high com-
plexity of the 3D topography. Computational methods to model these processes are
essential to support the 3D design of non-planar semiconductor devices. The research
presented in this thesis is thus focused on the following goals.

1. Enable stable and robust simulations of 3D selective epitaxial growth and aniso-
tropic wet etching within the context of level-set based process TCAD software
frameworks.

2. Utilize the simulation methods to simulate the 3D topography of state-of-the-art
processing techniques. Provide models to capture the growth and etch evolution
of materials with different crystal symmetries and compare the simulation results
to experimental observations.

3. Study the impact of process parameters (e.g., etch time) on electrical and optical
device characteristics by coupling process and device TCAD.

1.2 Research Setting

The research presented in this work was conducted within the scope of the Chris-
tian Doppler Laboratory for High Performance TCAD. The Christian Doppler Asso-
ciation funds university-hosted cooperations with companies pursuing joint application-
orientated basic research via long-term Laboratory-coined research grants. In this case,
the research was lead by Josef Weinbub and involved the Institute for Microelectronics
at the TU Wien and Silvaco Inc., a company developing and providing electronic device
automation and TCAD software tools.

1.3 Outline of the Thesis

This thesis is structured as follows.
Chapter 2 introduces the fundamental micro- and microscopic phenomena involved

in heteroepitaxy and selective epitaxial growth. Various approaches to model epitaxial
growth are presented with a special focus on continuum approaches.

The subsequent Chapter 3 follows a similar structure to discuss anisotropic wet
etching.

In Chapter 4 numerical schemes for the level-set method, which enable stable and
robust simulation of selective epitaxial growth and anisotropic wet etching are derived
and assessed. In particular, a novel finite difference Stencil Lax-Friedrichs scheme is
introduced, which originates from the viscosity solution of the level-set equations and
is based on optimized numerical dissipation coefficients for inherently anisotropic pro-
cesses. Importantly, the scheme does not require heuristic numerical parameters, which
facilitates the practical use. Furthermore, a multi level-set scheme, the deposition top

8



1. Introduction

layer method, is proposed to achieve robust selective epitaxy simulations with multiple
material regions present in the simulation domain.

In Chapter 5 the numerical schemes are employed to address several state-of-the-art
2D and 3D epitaxy and anisotropic wet etching processes. These stem from various de-
vice applications (including MOSFETs, suspended substrates, patterned substrates for
LEDs) and cover materials exhibiting different crystal symmetry. Models for these pro-
cess steps are developed and a procedure to incorporate crystal symmetry is presented.
In order to verify the suitability of the modeling approaches, the results are compared
with reference experiments from the literature. In particular, a model for anisotropic
wet etching sapphire is presented.

This model is further employed in Chapter 6 which focuses on coupling process and
device simulation. After discussing the impact of post-implantation annealing process
parameters on silicon carbide (SiC)-based power device characteristics, the light extrac-
tion efficiency of GaN-based LEDs with intricate sapphire topography is investigated.

In the final Chapter 7 a summary and outlook is provided.
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2 Heteroepitaxy and Selective
Epitaxial Growth

The shape and quality of material regions is essential for device performance in modern
semiconductor devices. The constant miniaturization increases the need for techniques
which enable the fabrication of material regions with precision down to atomic levels. In
order to obtain thin crystalline films with precise thickness and extraordinary quality,
single atomic layers can be grown on top of crystalline substrate with a technique called
epitaxial growth. The field of epitaxy encompasses all processes where single crystalline
layers are deposited with well-defined orientations. This chapter gives an overview of
these processes and discusses in detail how they are modeled in simulation frameworks.

2.1 Fundamentals of Epitaxy

The term epitaxy refers to the ordered deposition of well-defined crystal layers on top
of a bulk crystal (substrate). The incoming atoms follow the structure of the crys-
talline substrate, which enables the emergence of thin films of structural high perfection
down to the atomic arrangement. Epitaxial growth of thin films can be achieved with
chemical and physical deposition techniques. Important examples for chemical vapor
deposition (CVD) are atomic layer epitaxy and metalorganic chemical vapor deposition
(MOCVD). A widely employed physical vapor deposition technique is molecular beam
epitaxy.

Epitaxy proceeds on multiple time and length scales. Atomistic processes affect
surface morphology and at the same time also the large-scale topography. On the mi-
croscopic scale epitaxial growth is driven by the movement of individual atoms, which
takes place on microscopic time (ns) and lengths scales (Å). On macroscopic time (s)
and length scales (➭m) epitaxial growth results in the formation of crystal facets which
are planes of extraordinarily high surface quality. Due to the high controllability and
quality of the fabricated microstructures, epitaxy has received a lot of attention from
the material and engineering sciences. Consequently, a plethora of epitaxy processes
has been investigated. The broad field can be roughly categorized in homoepitaxy and
heteroepitaxy. The former involves the ordered and crystal structure-preserving growth
of the same material on top of a crystalline substrate. The latter refers to the growth of
one kind of crystal on top of another crystal which does not necessarily have the exact
same crystal structure [20].

Heteroepitaxial processes are well-known for the formation of precisely controllable
thin films on planar substrates. This configuration is widely employed in the fields
of optoelectronics and photonics (e.g., LEDs), where planar epitaxial films of precise
thicknesses are required [36]. Furthermore, epitaxial growth typically exhibits a strong
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orientation dependence, i.e., the growth rates depend on the exposed surface of the
crystalline substrate. The orientation dependence can be utilized to grow non-planar
films which allow for the fabrication of complex 3D semiconductor geometries. Here,
either a non-planar substrate or specialized masking of a planar substrate is required.
If masking is employed, the epitaxy is desired to proceed selectively, i.e., a film is only
deposited on top of a specific material, e.g., Si but not on the mask material, e.g., silicon
oxide (SiO2). Many essentially equivalent terms for this mode of epitaxy are used in
the literature: selective-area (epitaxial growth), selective growth, selective epitaxy, and
selective epitaxial growth [37]. In this work, the latter term, abbreviated as SEG, is
used while implicitly referring to non-planar SEG. A related growth mode is lateral
epitaxial overgrowth, which is a special form of SEG with the property of the epitaxial
film growing laterally over the mask [38].

In this section, epitaxy is addressed from several angles. First, the microscopic
processes and crystal facets are discussed. Second, different growth conditions are intro-
duced and finally, the growth techniques are presented.

2.1.1 Microscopic Processes During Epitaxial Growth

On the microscopic scale, the main processes governing epitaxial growth are adsorption,
surface diffusion, nucleation, and film coalescence (illustrated in Fig. 2.1). The driving
force of epitaxial growth is adsorption, where atoms or molecules originating from a
gaseous or liquid atmosphere, referred to as adsorbate, adhere to a surface (substrate).
The adsorbed atoms or molecules are generally referred to as adatoms or adspecies.
The underlying mechanism of adsorption can either be physical (Van der Waals-type
forces) or chemical in nature. The latter mechanism, called chemisorption, is based on
a rearrangement of electron density and depends in general on crystal orientations and
spatial distribution of adatoms. As such it is a kinetic process and can be quantified via
the rate of adsorption Rads. In a continuum picture Rads is proportional to the incident
particle flux F . The constant of proportionality is the sticking coefficient S

Rads = S · F, S ∈ [0, 1] . (2.1)

In general, sticking can be interpreted as the probability that an incoming particle
reacts with the surface and adsorbs [39]. There is also a chance of desorption (i.e., the
adatom is not incorporated into the crystal but enter the adsorbate phase again). On
the microscopic level, the incorporation rate strongly depends on surface diffusion. A
particle arriving at the substrate is not necessarily immediately incorporated into the
crystal at a specific lattice site, but can move along the surface and hop from lattice site
to lattice site. Thus, a redistribution of adatoms takes place via a diffusive process.

Surface diffusion is connected with a third microscopic process: Nucleation. Lattice
sites on the free surface of the substrate are not energetically equal, i.e., there are surface
sites that are more likely to adsorb an incoming particle. As a consequence, small
clusters of adatoms are formed. Furthermore, adatom clusters represent an energetically
favorable region for the subsequently incoming particles. Thus, adatom clusters act as
nucleation sites which are the seed for further agglomeration. Since there are multiple
nucleation sites distributed on the surface, they all grow in size.

12
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Figure 2.1: Schematic illustration of microscopic phenomena during an epitaxy process. The crystalline
substrate constitutes a step-terrace structure for the incoming adatoms. These are adsorbed
at terraces and can move on the surface via surface diffusion. Clusters of several adatoms
are formed, because nucleation sites are energetically favored. Depending of the growth
condition, multiple individual islands or coalesced films are formed.

First independently, but then they form larger agglomerates until they coalesce to form
a uniform film. [20], [36], [40].

2.1.2 Crystal Facets and Miller Indices

On a macroscopic level, adsorption, surface diffusion, nucleation, and film coalescence
result in crystal facets. These are flat surfaces of a crystalline material or film and
are characterized by homogeneous orientation and defect-free atomic arrangement. A
well-known example are facets of gemstones, which are cut along specific crystal planes
to achieve their shiny appearance. In order to describe crystal facets, the Miller index
notation is used [41]. Miller indices are based on a crystal lattice coordinate system with
basis vectors Ca1, Ca2, Ca3. As shown in Fig. 2.2a, a facet is characterized by its intercepts
x1, y1, z1 with the lattice axes. Since the lattice is a regular tiling of space, the intercepts
are integers. In the Miller notation of crystal planes

(h k l) =



s1
x1

s1
y1

s1
z1

�
, s = lcm(x1, y1, z1), (2.2)

where lcm(x1, y1, z1) refers to the least common multiple of the axes intercepts, h, k, and
l are the smallest possible integers that uniquely identify the crystal plane. If intercepts
are negative, the respective indices are denoted with overlines, e.g., (h k l). The set of
crystallographically equivalent planes is denoted with curly brackets {h k l}. A similar

notation is used for crystal directions. A direction Cd is expressed in terms of the lattice
coordinate system

Cd = x2Ca1 + y2Ca2 + z2Ca3, (2.3)
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(a) (b)

Figure 2.2: Illustration of the Miller index notation. (a) Identification of a crystal plane according to
(2.2) in a cubic lattice (characterized by three mutually perpendicular basis vectors ya1, ya2,
and ya3). (b) In trigonal or hexagonal crystal systems, the Miller-Bravais convention with
four indices is employed. Three (linearly dependent) basis vectors ya1, ya2, ya3 reside in the
so-called basal plane, representing three-fold rotation symmetry in a convenient way. The c-
axis yc is perpendicular to the basal plane. Three examples for crystal planes in Miller-Bravais
notation are shown.

where x2, y2, and z2 are integers. Again it is desired to denote directions with the
smallest possible integers, which is achieved with the Miller indices for directions

[u v w] =

�
x2

s2

y2
s2

z2
s2

�
, s = gcd(x2, y2, z2), (2.4)

where gcd(x2, y2, z2) denotes the greatest common divisor. The set of crystallographically
equivalent directions is notated as �u v w�. An important special case should be noted
for the cubic lattice: In a cubic lattice all basis vectors are perpendicular Ca1 ⊥ Ca2 ⊥ Ca3
and have equal length |Ca1| = |Ca2| = |Ca3|. As a consequence, a plane with Miller indices
(h k l) is perpendicular to the direction [h k l].

In the trigonal and hexagonal crystal system an extension of the index notation
is used, referred to as Miller-Bravais indices. Four indices are used to indicate planes
(h k t l) and directions [u v tw] [20]. Fig. 2.2b illustrates that the lattice basis is composed
of four vectors Ca1, Ca2, Ca3, Cc, which represents more naturally the underlying lattice. The
basis is linear dependent, Ca3 = −(Ca1+Ca2), thus index t depends on h and k: t = −(h+k).
Three planes with the corresponding Miller-Bravais indices are indicated in Fig. 2.2b.

Crystalline films can be fabricated with various epitaxial processes, which are dis-
cussed in the following sections.

2.1.3 Equilibrium Epitaxial Growth

If epitaxial growth takes place in thermal equilibrium, the incoming particles have suf-
ficient time to move to the energetically most favorable lattice site. Adatom surface
diffusion proceeds on a significantly faster time scale than the deposition process. This
growth regime is called equilibrium epitaxial growth and can be understood with con-
cepts from thermodynamics. The solid and liquid/gaseous phases are characterized by
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associated chemical potentials µ and the driving force for crystallization close to ther-
mal equilibrium is a difference Δµ between the two phases. Furthermore, crystallization
requires that the solid phase must be energetically more stable than the liquid or gas
phase. In order to create an interface between solid and liquid/gas phase, energy has
to be expended that depends on the surface energy density γ of each phase and inter-
face [20]. Depending on the relation of the surface energies of substrate, interface, and
film different thermodynamic growth modes can be observed [42], [43]:

• Frank-Van der Merwe growth: atoms are more strongly attracted to the substrate
than to themselves. Film growth proceeds layer-by-layer.

• Volmer-Weber growth: atoms are more strongly attracted to each other that to
the substrate. As a consequence, islands are formed, the film surface is not planar.

• Stranski-Krastanow growth: Frank-Van der Merve growth for first few deposited
monolayer, then proceeds as Volmer-Weber growth.

The surface energy density of crystals depends in general on the crystal orientation Cn
of the surface. In equilibrium growth conditions the macroscopic shape of a solid is
determined by the energy minimization principle. The equilibrium shape V minimizes
the surface term of Gibbs free energy [20]

Gsurf =

	
∂V

γ(Cn)dA → min, (2.5)

where ∂V denotes the surface. For a liquid with isotropic γ(Cn) the equilibrium shape is
a sphere (minimum surface area) and γ(Cn) of a crystalline solid typically has multiple
minima and maxima. These correspond to certain crystal facets which can be observed in
the equilibrium shape. In order to determine the geometry of equilibrium shapes, Wulff’s
construction can be used. The construction is based on Wulff’s theorem, which states
that the length of a vector drawn normal to a equilibrium crystal face is proportional to
its surface energy [44].

Aside from thermodynamic considerations, microscopic phenomena during equilib-
rium epitaxy have been studied in the literature [45]. On the microscopic level, epitax-
ial growth is associated with the formation of steps and terraces (step flow growth),
as formalized by the Burton-Cabrera-Frank (BCF) theory [46]. Steps and terraces
are schematically illustrated in Fig. 2.1. With this framework, observations like two-
dimensional nucleation or the formation of screw dislocations and off-axis (vicinal) sur-
faces can be understood. An important concept is the Ehrlich-Schwöbel energy barrier.
Microsteps on crystal surfaces can capture adatoms which are diffusing on a terrace
with a certain probability. The capture probability depends on the direction from which
adsorbed atoms approach the step. Adatoms originating from an upper terrace have to
overcome a higher potential barrier, due to the lower number of nearest neighbors in the
transition state. Therefore, there is asymmetry in the system which is quantified by the
Ehrlich-Schwöbel energy barrier [47]. Several morphological properties can be explained
with these approaches and thus form the basis of modeling approaches (see Section 2.2.2
and Section 2.2.3). Examples for these complex properties are meandering steps due to
Bales-Zangwill instability [48], [49] and complex surface reconstruction due to dangling
bond reduction [50].
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Fast Planes Dominate Evolution
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Figure 2.3: Illustration of the impact of the initial surface convexity on epitaxial growth. (a) The growth
of convex initial geometries is dictated by the slowly growing crystallographic planes, and
(b) the growth of concave surfaces is dominated by fast planes.
Reprinted with permission from Toifl et al., IEEE Access 8, 115406 [25] (2020).
c: 2020 Authors, licensed under the Creative Commons Attribution 4.0 License (https://
creativecommons.org/licenses/by/4.0/).

2.1.4 Kinetic Epitaxial Growth

If particle flux is high and thus the deposition rate is high, the constantly incoming par-
ticles hinder the diffusion process. Adatoms are immediately (on-site) incorporated into
the substrate, even though the lattice site is not necessarily the energetically most favor-
able. This growth regime is referred to as kinetically driven growth. From a thermody-
namic perspective, growth proceeds far away from thermal equilibrium. One important
consequence is the increase of elastic energy in form of elevated film strain, which ulti-
mately limits film thickness [51]. The macroscopic crystal shape is governed by kinetic
parameters, i.e., the growth rates of crystal facets. Since surface diffusion plays only a
minor role, the density of adatoms on each facet reach stationary values. The growth
rates are mostly determined by the process-induced deposition rate and thus by reactor-
related quantities, like growth temperature or partial pressure of precursors [52]. The
evolving facets can change considerably with changing reactor conditions, which is in
contrast to the equilibrium growth governed by surface energy minimization. However,
if reactor conditions are held constant, the local growth rates mainly depend on crystal
orientation [53].

In kinetic growth conditions the observed crystal shapes, referred to as kinetic crys-
tal shapes [54], differ from the equilibrium crystal shapes governed by (2.5). In the
limiting case of purely kinetic growth, surface diffusion is negligible and a stationary
growth rate can be assigned to every surface plane. The associated growth rate function
V (Cn) is a stationary description of crystal growth (i.e., V is not a function of time). If
γ(Cn) is replaced with V (Cn), Wulff’s construction can be conceptually applied to predict
the crystal shape in kinetic growth conditions. While purely kinetic growth is an extreme
case (with equilibrium growth on the other end of spectrum), this model works well for
later stages of crystal facet evolution, where the crystal facets are large compared to
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Figure 2.4: Physical quantities contributing to the epitaxial growth rate in the continuum picture. While
the incoming flux directly affects the growth rate, a more complex interaction between
adatom incorporation τ , surface diffusion, chemical potential, and film strain, results in a
net contribution to the growth rate. This interaction can be modeled with methods from
thermodynamics and continuum mechanics, as discussed in Section 2.2.5.

typical surface diffusion lengths. However, initial stages of growth under out-of equilib-
rium conditions cannot be well-described, because surface diffusion and film stress play
an important role in this case [55]. Nevertheless, a stationary growth rate V (Cn) pro-
vides the possibility to describe and understand involved topographical consequences.
Extrema of V (Cn) directly manifest by the appearance of the corresponding facet in the
kinetic crystal shape. If epitaxy proceeds on a convex surface, the plane with a relative
minimum in growth rate determines the topography. On a concave surface the converse
is the case [20], [56], as illustrated in Fig. 2.3.

It is important to note that heteroepitaxy generally proceeds in between the extreme
cases of equilibrium and stationary kinetic growth conditions. The net growth rate in
a general heteroepitaxy process depends on multiple quantities which are summarized
in Fig. 2.4. Deposition, adatom incorporation, surface diffusion, film strain, and chem-
ical potential have inter-dependencies and thus mutually affect each other. In general,
epitaxial growth does not perfectly follow the ideal evolution predicted by Wulff’s con-
struction or the kinetic crystal shape. Nevertheless, the ideal growth conditions serve
as valuable approximation. While a comprehensive and thus more involved description
of general growth conditions can be achieved with methods from thermodynamics and
continuum mechanics (Section 2.2.5), many specific epitaxy configurations are known to
be primarily controlled by deposition kinetics, e.g., SEG of Si and SiGe [53]. In these
cases, the stationary kinetic growth approximation is well-suited to capture the essential
features of epitaxial film growths.
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2.1.5 Selective Epitaxy of SiGe

In order to illustrate the most important characteristics of heteroepitaxial growth tech-
niques, this section focuses on the specific case of SEG of SiGe in a CVD reactor. Growth
is induced by subjecting the substrate to an atmosphere enriched with the species to be
deposited. The desired atmosphere is achieved with precursors gases. In the case of SiGe
SEG, typical precursors are silane (SiH4), disilane (Si2H6), dichlorosilane (H2SiCl2), or
germane (GeH4). In general, the reason for selectivity is a high interface energy between
masking material (e.g., SiO2) and the epitaxial layer, causing the layer to avoid contact
with the mask. Nevertheless, nucleated polycrystals are also formed to some degree on
the mask. In order to remove these undesired polycrystal during the epitaxy process,
an etch medium is introduced. Typical examples are hydrogen chloride (HCl) with high
partial pressure [23] or chlorine gas (Cl2), which remove nucleated Si1−xGex on SiO2 with
high efficiency [53], [57]. Deposition and etching can also be carried out in a cyclic pro-
cess [52]. Tuning the relative gas flow of precursors allows to engineer the composition of
the grown Si1−xGex alloy. In-situ doping (i.e., doping introduced during growth) is also
possible by adding dopant-specific precursors. Usually process temperatures are kept
relatively low to assure absence of Si or SiGe islands [58]. At temperatures in the range
575 ◦C to 900 ◦C, high quality growth with rates in order of 10 nm/min to 100 nm/min
have been reported [23], [52], [53], [57].

Under the presented growth conditions, epitaxy proceeds near the stationary kinetic
growth regime. The characteristic property of SEG is the pronounced anisotropic growth
rate which depends on temperature, exposed surface area [37], doping precursor, and
loading effects. Loading refers to variable deposition rates over the wafer caused by
variations in surface topography or temperature [59]. In experiments, characteristic
crystal facets {1 0 0}, {1 1 1}, and {3 1 1} have been observed. The typical ratio of
associated growth rates is R3 1 1/R1 0 0 ≈ 0.5 and R1 1 1/R1 0 0 ≈ 0.25 at 750 ◦C [57].

In practice, it is important to consider the mechanical strain which builds up in
selectively grown heteroepitaxial films. Since the crystal structure of substrate and grown
film do not match (different crystal structure and/or lattice constants), mechanical strain
is incorporated. For instance, in the plane of the hetero-interface, the strain ε� is given
by [60]

ε� =
af − a0

a0
, (2.6)

where af refers to the lattice constant of the heteroepitaxially grown film and a0 is the
lattice constant of the substrate. If the strain exceeds a certain threshold, either elastic
relaxation mechanisms (formation of 3D islands - Stranski-Krastanow growth, intermix-
ing of deposited and substrate material), or plastic relaxation mechanisms (increased
defect densities and threading dislocations) occur [51]. The consequence is a limited
layer thickness which can be safely deposited. Even if the growth conditions are opti-
mized, crystal defects are always present. In the context of SEG, advanced techniques
to reduce the defect density have been investigated. One example is the technique of
aspect ratio trapping, where threading dislocations can be eliminated by defect trapping
in oxide sidewalls [52], [61].
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2.2 Modeling Epitaxy

After discussing the fundamentals of epitaxy in the previous section, several approaches
of modeling epitaxial growth are reviewed in the following. Even though this work
is mainly focused on SEG, a more general perspective on modeling techniques which
is not limited to SEG is given in order to understand the merits and limits of different
approaches used to capture the intricate process of heteroepitaxy. Practical models need
to combine a method to describe the geometric evolution and a technique to calculate
growth rates based on a physical/empirical model. Growth rate models vary considerably
in scope and fields of applicability, but can be roughly categorized in morphology- and
topography-centered. Morphology-centered approaches target the intricate surface of
epitaxial films and include lattice-gas models, BCF theory, and island dynamics models
(IDM). Topography-centered approaches focus on the larger-scale geometry of emerging
crystalline films and are thus well-suited for continuum models. In the following sections,
an overview of these approaches is provided.

2.2.1 Atomistic Lattice-Gas Models

The atomistic description of epitaxial growth deals with adsorption, surface diffusion,
nucleation, and film coalescence on the atomistic level. Since movement of individual
adatoms is considered, these approaches are of particular interest in surface physics. A
plethora of atomistic models have been devised to capture a wide range of morphological
phenomena. They are based on a atomistic treatment of the interaction of substrate
and atmosphere, hence they are referred to as atomistic lattice–gas models. Individual
adatoms are tracked with their movement on discrete adsorption sites [62].

A well-suited algorithm to capture the evolution of such a discrete system is the
lattice kinetic Monte Carlo Method (KMC) [63], [64]. It is a stochastic method which is
based on a list of transitions and associated rates. The transitions abstract adsorption,
desorption and diffusion kinetics. All transitions are assumed to happen instantaneously,
independently and to be Markovian (memoryless). A common approach is to make use
of the results of transition state theory and model temperature dependent transition
frequencies ν with an Arrhenius law

ν = ν0 · exp


− Ea

kBT

�
, (2.7)

with prefactor ν0 and activation energy Ea. The next transition and time increment
is randomly chosen, e.g., with the direct Gillespie algorithm [65]. The crystal lattice
is implemented by restricting particle positions and considering nearest neighbors to
calculate binding energies (which eventually affect the transition frequency).

Specific studies on SEG on flat substrates have been reported [66]–[68]. Although
the characteristic facets can be well-reproduced, the computational efficiency is prob-
lematic if desorption rates are high [67]. Nevertheless, lattice KMC methods provide
the capability to study larger systems than first-principles approaches (e.g., molecular
dynamics), because the abstraction to finite states and transitions reduces the compu-
tational complexity. However, the Arrhenius parameters of all transition processes have
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to be calibrated. This is possible either by expensive auxiliary density functional theory
simulations or by fitting the results to an extensive experimental data set.

2.2.2 Burton-Cabrera-Frank Theory

The BCF theory [46] is a semi-atomistic description, in which continuum and micro-
scopic quantities are prevalent. The main objective is to understand surface morphology
features in equilibrium growth and thus BCF theory is particularly applied in the field
of materials science. Crystal growth is viewed as a flow of steps, because the presence
of steps is critical to allow for epitaxy growth. Adatoms diffuse on terraces towards
steps and are only incorporated into the crystal if they reach a step before they des-
orb and leave the surface. The rate of advancement of a step is reduced to a diffusion
problem on the surface, which is captured by a diffusion equation combined with the
continuity equation for adsorbed molecules. To illustrate, the respective model for a
one-dimensional problem with the y-coordinate along terraces and steps (nucleation on
terraces is neglected) reads [40]

−DS
d2nS(y)

dy2
= F − nS

τS
. (2.8)

S refers to a certain species, DS denotes the surface diffusion coefficient, nS is the number
of adsorbed species per unit area, F is the flux of reactants, and τS is the mean resident
time of the adsorbed species. Models in the spirit of (2.8) have been employed to
qualitatively predict the occurrence of growth spirals on growing and grown surfaces
due to screw dislocations [69]. The BCF theory is the theoretical basis for further
models, as presented in the next section.

2.2.3 Island Dynamics Models

IDMs are an extension of the BCF theory. Crystal growth is viewed as a progression
of island growth. The evolution of islands and steps is modeled as a free boundary
model, where boundary movement is governed by mass conservation [31], [70]. Since the
random formation of nucleation sites is modeled, the model is partly stochastic. The
main idea is to employ continuum surface tracking methods to enable the simulation of
the evolution of complex 2D and 3D epitaxial films. The most common surface tracking
method employed for IDM is the level-set method, which enables surface tracking based
on the continuous level-set function φ(Cx) and is discussed in depth in Section 4. Islands
and steps are discretized by the integer number of atomic layers k. Island growth is
described by a smooth evolution of the level-set function in the substrate plane. In
vertical direction (i.e., growth direction) the surface can only propagate in discrete steps,
thereby modeling terraces and steps. Atom diffusion on a specific terrace (constant k)
is considered as a continuous process and is thus described with a continuous diffusion
equation. The time evolution of adatom density ρ evolves through

∂ρ

∂t
= F + C∇ · (D∇ρ)− 2

dN

dt
. (2.9)

F refers to external particle flux (i.e., deposition) and D is the surface diffusion coef-
ficient. Adatoms nucleate to form new islands at rate dN

dt
. The nucleation is modeled
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by randomly placing circular islands of size 2, which is assumed to be the minimum
number of atoms required for a stable island [71]. The nucleation rate is defined using a
mean-field approximation dN

dt
∝ �ρ2(x)�, where the average is taken over all lattice sites.

Boundary conditions for (2.9) consider the presence of Ehrlich-Schwöbel energy barriers.
The actual surface is propagated depending on the velocity of island boundaries, which is
driven by the gradient of adatom concentration at steps (satisfying mass conversation).

The same concept can also be employed with the phase-field method (see Sec-
tion 2.2.5). In this case, a continuous approximation of the discrete height function of
the growing film is used, resulting in blurred steps [72], [73]. Additionally, there have
been further proposals for IDMs: A semi-implicit front-tracking method using paramet-
ric finite elements [74] and a boundary integral method [75]. In terms of scope, IDM
studies are focused on island morphology on a (large scale) planar substrate. A exam-
ple application is the investigation of instabilities during epitaxial growth of quantum
dots [31].

2.2.4 Multiscale Approach

A further modeling approach is to consider film growth simultaneously on the micro- and
macroscopic scale. The idea of tackling a scientific or engineering problem on different
scales (usually length-scale) is referred to as multiscale modeling. Continuum models
operating on the macroscale are combined with discrete or piecewise continuous models
on the subscale [76]. Sun et al. [77] presented a combination of KMC on the microscale
with an IDM on the macroscale to simulate epitaxial growth in two dimensions. On the
macroscale, an IDM is solved with the level-set method. The missing microscopic data
is estimated from a microscopic model, i.e., normal velocity and local adatom density.
To achieve that, a set of microscale computational domains have to be constructed,
initialized, and simulated with KMC. In order to translate the results to adatom density
in the continuum macroscale picture, the heterogeneous multiscale framework [78], which
is a general framework to couple macroscopic and microscopic model, is employed. Even
though the coupling mechanism between the modeling scales add a significant layer of
complexity, a reduction of the computational costs of KMC simulations is possible.

2.2.5 Continuum Models

In continuum models of heteroepitaxy the atomistic nature of matter is neglected and
microscopic processes are abstracted with distributed quantities and material properties
(e.g., surface diffusivity and adatom incorporation time). Consequently, the intrica-
cies of surface morphology are not considered. Instead, the higher-level geometry on
the macroscopic scale, i.e., topography, is at the center of attention. In particular, the
evolving crystal facets are ideally flat and have no surface roughness. Fig. 2.5 shows
modeling approaches, which correspond to the classification introduced in Section 2.1.4,
thus targeting different growth conditions and areas of applications. The extreme cases
of purely thermodynamics driven equilibrium growths and stationary kinetic crystal
shape growth allow for making use of Wulff’s theory via surface energy functions γ(Cn)
or growth rate functions V (Cn). The general case in between these extremes needs to
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Figure 2.5: Summary of continuum modeling approaches and their associated growth regimes. Equilib-
rium growth is well-described with the Wulff shape, while stationary kinetic growth can be
modeled with the related kinetic crystal shape. For any other (less extreme) growth regime,
heteroepitaxy models based on Cahn and Taylor are well-suited [51], [79].

be approached with comprehensive continuum modeling frameworks that enable incor-
poration thermodynamics, surface diffusion, adatom incorporation, and film stress [51],
[55]. The concrete formulation of the computational models is always connected with
the surface tracking method employed to follow the growth in three dimensions. The
phase-field method is well-suited to integrate the general continuum model framework
and the level-set method is applicable for stationary kinetic growth.

Cahn Taylor Phase-Field Models

The foundation for phase-field based continuum models is the classical Cahn-Hilliard
model [80], which has been later extended by Cahn and Taylor [79]. In this work, the
associated models are referred to as Cahn Taylor phase-field models. The crystal surface
is modeled as diffuse-interface region, which captures the region of interaction between
a gas and a solid phase. A phase-field function ϕ models the molar fraction of the solid
component of the associated two-phase system. The boundary between a solid and a gas
phase is {Cx|ϕ(Cx) = ε}, where ε denotes the interface thickness [81], [82]. In recent years,
continuum modeling of heteroepitaxy has been studied and refined by Bergamaschini et
al. [51], [83]–[85].

The main assumptions are close-to-equilibrium heteroepitaxial growth at high tem-
perature and/or low deposition fluxes. The chemical potential µ is well-defined and
growth is driven by a combination of direct deposition (external particle flux F ) and
equilibrium growth (proceeding due to surface diffusion and free energy minimization):

∂ϕ

∂t
= F |∇ϕ|� �� �

Deposition

+ ∇ · [M∇µ]� �� �
Surface diffusion

(2.10)

Surface diffusion is driven by a gradient in µ associated with the adatoms. M is the
surface mobility which is in general temperature-activated and needs to be appropriately
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defined to restrict motion within the surface region only (i.e., surface movement is only
possible near the interface). The functional form of µ depends on elastic contributions,
(anisotropic) interface energy, and heteroepitaxial intermixing [51]. One concrete formu-
lation has been presented by Masullo et al. [83] in the context of CVD growth of 3C-SiC
(see also Section 5.3):

g(ϕ) · µ =
δG

δϕ����
Equilibrium

+ ετ
∂ϕ

∂t� �� �
Adatom incorporation

(2.11)

In this case, µ is defined by the sum of the variational derivative of free energy G with
respect to ϕ and a term that captures crystal facet dependent adatom incorporation.
(2.10) and (2.11) form a coupled system of differential equations. g(ϕ) is a function to
improve the numerical convergence.

The merit of this approach is the physically intuitive integration of additional phe-
nomena. For instance, continuum mechanics can be incorporated to allow for the con-
sideration of elastic and plastic relaxation, which affect µ, and thus the growth evolu-
tion. Cahn Taylor phase-field models are well-suited for near equilibrium conditions,
which enable the accurate prediction of the growth of nanostructures, e.g., nanowires
or nanomembranes [55]. However, the numerical treatment of Cahn Taylor phase-field
models is challenging: The finite element method has been utilized to solve the associated
system of partial differential equations, which requires the careful tuning of stabilization
functions, optimized adaptive meshes, and scalable algorithms to solve the full model
for 3D configurations [51].

Stationary Kinetic Crystal Growth

A continuum modeling approach is also well-suited to describe epitaxy in stationary
kinetic conditions. This growth regime is the main focus of this thesis. Here, the growth
rate is determined by surface reaction kinetics. The net effect of incoming adatom flux
and incorporation can be represented by a crystal orientation- dependent growth rate
function V (Cn). In these conditions, V (Cn) provides a complete picture of the growth and
can by directly correlated with the experimentally observable net growth rate of facets.
From a measurement point of view, techniques like atomic force microscopy (AFM) or
cross-sectional transmission electron microscopy (TEM) are well-applicable to charac-
terize the growth rate of crystal facets. Therefore, an empirical V (Cn), which provides
the growth rate of every possible crystal orientation Cn can be constructed. A function
with this property can be directly employed in various general purpose surface tracking
methods, e.g., cell-based [86] and explicit techniques [87]. A particularly convenient
approach is the level-set method, where the time evolution of the surface topography is
determined by the level-set equation [16] (see detailed discussion in Chapter 4):

∂φ

∂t
+ V (Cn)4∇φ4 = 0. (2.12)

The topography is implicitly described via the level-set function φ = φ(x, y, z, t), which
is a function of the spatial coordinates and time. All physical information about the
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Table 2.1: Summary of modeling approaches and publications targeting heteroepitaxy and SEG.

Physics/Chemistry Surface Tracking Application Targets Dimension Publications

Atomistic

(Lattice-Gas) Discrete Interface
Surface and Island Morphology 2D [62]

Atomistic

(KMC)
SEG 3D on Flat Substrate [66]–[68]

IDM

Level-Set
Island Growth, Steps 2D [71]

Island Growth 3D on Flat Substrate [31]

Phase-Field Microstructure: Islands, Steps 2D [73]

Semi-Implicit Microstructure: Islands, Steps 2D [74]

Specialized

Parametrization
Stability Analysis of Steps 2D [75]

Multiscale Model

Micro: KMC

Macro: IDM

Micro: Discrete Interface

Macro: Level-Set
Enhance Performance of KMC 2D [77]

Continuum

(Cahn Taylor)
Phase-Field

Near-Equilibrium Growth

Composite Substrates
3D [51], [83], [88]

Continuum

(Stationary Kinetic)
Level-Set

Topography Simulation

Semiconductor Device Design

SEG

3D [25]

evolution of the surface is contained in V (Cn). Formally, the level-set method is related
to the phase-field approach, with the most significant difference being the description
of the gas-solid interface. In the level-set method the interface is considered abrupt,
while a diffuse-interface region is used by phase-field approaches. From a computational
perspective, the level-set description is very efficient, because no coupled system of dif-
ferential equations needs be solved. The implications of employing a stationary kinetic
crystal growth model V (Cn) in the level-set framework is discussed in depth in Chapter 4.
Even though stationary kinetic growth conditions are an extreme case, a growth rate
function V (Cn) can act as reasonable approximation if epitaxial growth is not significantly
impacted by surface diffusion dynamics. This is the case if crystal facets length scales
are large compared to the surface diffusion length. An important example is SEG, where
typically large facets are formed.

A simple (semi-)empirical V (Cn)-based approach is valuable for engineering applica-
tions: Topography plays an important role in semiconductor device design, especially
when 3D device structures are considered. The growth anisotropy in combination with
wafer misorientation or lithography mask misalignment might lead to formation of com-
plex undesired geometric features which can impact subsequent process steps, e.g., ion
implantation.

2.3 Summary

In this chapter, the fundamentals of heteroepitaxy and selective epitaxial growth were
discussed. Equilibrium and kinetic epitaxial growth conditions were introduced and
important characteristics of a heteroepitaxy process were illustrated. Furthermore, ap-
proaches to model these processes were reviewed. Tab. 2.1 summarizes these modeling
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approaches and provides a selection of associated studies from the literature. Atom-
istic techniques (lattice-gas model) target the morphology of epitaxially grown films.
Semi-atomistic approaches (BCF, IDM, and multiscale models) enable the simulation
of certain microscopic features, e.g., island formation, on a larger scale. In contrast,
continuum models target the topography of epitaxially grown films, which is of interest
for the design of semiconductor devices. In particular, the capability of the level-set
method to simulate stationary kinetic growth was identified.

In the next chapter, the subtractive anisotropic wet etching process is discussed and
modeling techniques are reviewed. Anisotropic wet etching results in topographies that
are similar to faceted heteroepitaxial structures.
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3 Anisotropic Wet Etching

Since the beginning of semiconductor device fabrication, anisotropic wet etching has been
an essential processing technique [89]. This particular type of etching plays an important
role in the field of MEMS due to its reliability and simplicity [9] and is still applied for
specific applications in microelectronics, e.g., wet etching of sapphire. The anisotropic
etch rates can be modeled in a similar way to SEG. During both processes crystal facets
with well-defined crystallographic orientations emerge. Some concepts introduced in
the previous section can be transferred to anisotropic wet etching. Nevertheless, in
this chapter the fundamentals of anisotropic wet etching are introduced and several
approaches to modeling the 3D etch profiles are discussed.

3.1 Fundamentals of Anisotropic Wet Etching

In semiconductor micro-fabrication there are two forms of material removal techniques:
dry and wet etching. Dry etching proceeds in an etch chamber with a gaseous atmo-
sphere. There is a variety of physical and chemical mechanisms which can be employed to
achieve controlled removal of thin films. A rough classification involves reactive (plasma
etching, RIE) and non-reactive etching (sputter etching, ion beam etching). The etching
mechanism can either be isotropic (same etch rate in every direction) or anisotropic. The
former category of processes tends to produce isotropic profiles, while the latter results
in more pronounced anisotropy. Fig. 3.1 illustrates the impact of (an)isotropy on the re-
sulting etch profile in a typical mask configuration. Wet etching is based on liquid-phase
chemicals (etchants) which remove specific materials by gradually decomposing the sur-
face and dissolving the reaction products. In order to subject a substrate to wet etching,
the wafer is immersed in appropriate wet etching chemistry. Isotropic wet etching of Si is
possible with HNA (hydrofluoric, nitric, acetic) solutions. The widely used wet etchant
potassium hydroxide (KOH) has the property of etching Si with very high anisotropy.
In particular, characteristic surfaces (e.g., {1 1 1}) emerge during etching. Since these
surfaces are intrinsic crystal facets of Si, the etch profile is well predictable and can be
used fabricate specific geometric features, such as mask undercut or V-shaped profiles.

In this section, the microscopic reasons for highly anisotropic wet etching are ad-
dressed first before several anisotropic etchants for various materials and their properties
and characterization are discussed.

3.1.1 Microscopic Processes During Anisotropic Wet Etching

There are some wet etchants which remove material isotropically and some which have
pronounced anisotropy. Isotropic etching processes are typically transport-controlled [90].
Hereby, the chemical etch rate is determined by the rate of transport of the etchant to
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Figure 3.1: Schematic illustration of etch profiles resulting from processes with different degrees of
anisotropy. (a) Ideal isotropic etch, i.e., the etch rate is constant for all directions. (b) Ideal
anisotropic etch, where the lateral etch rate is zero. (c) Typical anisotropic wet etching pro-
file, where specific crystal facets emerge.

the substrate. The reaction takes place on a time scale significantly shorter than the
transport. Therefore, properties of the surface and bulk material to etch do not affect
etch rates and thus etching proceeds isotropically. In contrast, anisotropic etching pro-
ceeds in the surface reaction-limited regime. Reactants are sufficiently fast transported
to the surface and microscopic surface reactions determine the net etch rate [91].

The details of surface reactions associated with anisotropic wet etchants are com-
plex. Typically, reactions consist of several stages and multiple intermediate reaction
products. Ultimately, the final products need to be soluble in order to be transported
away from the surface. Nevertheless, simplified models have been proposed to understand
why certain crystal surfaces are etched with substantially higher rates than others [92],
[93]. These models are mostly focusing on wet etching of Si and provide an adequate
picture of the underlying mechanisms. In the following, the essentials of these models
are outlined.

A surface of a crystalline material is characterized by the specific arrangement of
its atoms. Fig. 3.2 illustrates a segment of the surface, showing steps and terraces.
Depending on the local neighborhood and whether an atom resides on a step or terrace,
the atomic bonds have a characteristic configuration. In a wet etching process, surface
atoms are removed from the crystal. Hence, surface and volume bonds have to be
freed during the chemical etch reaction. In order to describe the etch reaction, the
crystal surface can be considered as being composed of idealized atom types which reflect
arrangement, bonds, and hydrogen saturation. Examples for these idealized atoms are
step monohydride, terrace monohydride, step dihydride, or terrace trihydride (Fig. 3.2).
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Figure 3.2: Schematic illustration of different types of hydrogen-terminated surface atoms on a step-
terrace Si surface.

Here, the prefix (mono, di) expresses the number of non-Si-Si bonds, which are typically
saturated with hydrogen [94]. Surfaces with different crystal orientation, have different
characteristic arrangements of these idealized atoms.

A fundamental observation is that the relative etch rates of different planes depend
on a chemical and a geometrical component. The chemical component can be described
based on the idealized atoms. For instance, terrace monohydride atoms are unlikely to
be removed, because breaking of three volume bonds is required. The general tendency
is: The higher the number of surface bonds, the higher the etch rate. In order to
etch a plane, a multi-step process takes place and generally involves the removal of
multiple atom types [93], [95]. The removal rate is also affected by the geometrical
crystal structure and angle between planes (geometrical component). The total removal
rate of a plane is the determined by the sum of individual atom removal rates. A
notable consequence is that the etch rate is not solely determined by the surface density
of atoms. Instead, the multi-step removal and the special role of surface bonds also has
to be considered. This model also explains why surfactants and alcohols added to the
etching solution affect the etch rate anisotropy: These tensioactive compounds gather
on the surface and ultimately affect free bonds on the surface [96].

3.1.2 Wet Etchants and Characterization

A variety of anisotropic wet etchants is employed for different crystalline substrates. In
all cases, the wet etchant is a solution (diluted with water) with a certain mass fraction.
In order to ensure that reaction products are taken away and new reactant can reach
the wafer surface, continuous stirring is essential. The etching process is controlled by
the kinetics of the reaction, resulting in significant temperature dependence of the etch
rates [97]–[99]. Thus, homogeneous and stable temperature is essential and achieved
with beaker heaters and thermocouples. As indicated in the previous section, the solu-
tions can also contain alcohols (e.g., isopropyl alcohol), diols or surfactants (e.g., Triton
X-100). All components enable engineering of the absolute and relative etch rates of
different facets. Another important factor in practice is the selectivity of the etchant
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Table 3.1: Overview of the typical anisotropy and selectivity of wet etchants for Si, as reported in the
literature. The relative values given here illustrate the order of magnitude. The exact rates
depend on several process parameters, in particular on temperature [11], [100], [101].

Etchant R1 1 1/R1 0 0 R1 1 0/R1 0 0 R1 0 0/RSiO2 References

KOH 0.01 2.0 102 to 103 [11], [100]

EDP 0.1 1.1 104 to 105 [11]

TMAH 0.02 1.85 103 to 104 [100], [101]

solution to masking materials (e.g., SiO2). The selectivity determines the feasibility of
certain etch topographies, such as structures relying on a precise mask undercut. A
further essential feature is the surface quality of the etched profile. Surface morphol-
ogy depends on crystal plane, etchant, etchant concentration. In particular, regular
hillocks with convex geometry have been observed. These are considered to originate
from micromasking introduced by irregular and localized thermal oxide, but there are
still unresolved questions [93].

Since anisotropic wet etching of Si is an inexpensive method to structure Si sub-
strates, several etchants have been thoroughly investigated [11], [100]–[102]. The most
commonly used solutions comprise KOH, ethylenediamine pyrocatechol (EDP), and
tetramethylammonium hydroxide (TMAH). As presented in Tab. 3.1, these etchants
are characterized by different relative etch rates of the most important {1 1 1}, {1 1 0},
and {1 0 0} crystal facets. Even though not as widely used, anisotropic wet etching is
also possible for other crystalline materials. Gallium arsenide (GaAs) can be etched
anisotropically with bromine-in-methanol [103] and aluminum nitride (AlN) films are
removed with phosphoric acid (H3PO4) and KOH solutions [104]. Single-crystal sap-
phire is etched with diluted mixtures of sulfuric acid (H2SO4) and H3PO4 [105], which
is further discussed in Section 5.4.

In order to characterize the etch rate anisotropy, specialized experimental tech-
niques, such as the wagon-wheel method [11] and hemispherical specimen etching [106]
are employed. These enable high resolution measurements of etch rates even for high-
index crystal directions (i.e., directions with large Miller indices). Furthermore, these
measurements display the symmetry of etching patterns, which is determined by the
crystal symmetry of the etched material. The octahedral patterns associated with Si
differ significantly from the trigonal patterns which are observed with single-crystal sap-
phire. Symmetry considerations play an important role in the modeling efforts presented
in Chapter 5.

3.2 Modeling Anisotropic Wet Etching

Various techniques have been developed to model the evolution of an etch profile dur-
ing anisotropic wet etching processes. Similar to the field of heteroepitaxy modeling,
methods can be categorized in morphology- and topography-based models. Microscopic
models allow for investigating the etch morphology or prediction of the relative etch
rates for different crystal orientations [107]. The most important representatives of this
class of models are KMC models and continuous cellular automata (CCA). In order to
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capture the topography evolution, continuum models are well-suited. These are direct
successors of the Wulff-Jaccodine method [44], which is based the on ideas of Wulff’s
construction, as introduced in the context of equilibrium crystal growth in Section 2.1.3.

3.2.1 Atomistic Methods

The main idea of KMC is that the etch profile evolution can be tracked by considering
stochastic processes of removal of individual atoms. Microstates and transitions between
microstates are defined depending on the local neighborhood of an atom. In order to
define temperature-dependent transition frequencies (2.7), removal probabilities have to
be defined [95]. It is also possible to follow the model discussed in Section 3.1.1 and treat
atoms in an idealized way based on their general position in the system (bulk, surface,
dissolved) and the number of bonds [108]. This abstraction allows for a definition of
microstates and a set of possible transitions which lends itself conveniently to KMC
simulations. In KMC, the transition between microstates have the physical meaning
of small changes in atomic configuration, such as the removal of an atom located on
a step or terrace. Ultimately, the etching of crystal planes results from the sum of all
microscopic processes. In total analogy to KMC models for epitaxy (Section 2.2.1) a
typically large set of transitions frequencies needs to calibrated, either by resorting to
first-principles simulations, or by fitting the results to experimental data.

A related approach is the CCA method for etching [109], [110]. It is based on the
idea of cellular automata, where a set of local (microscopic) rules induces macroscopic
structures of high complexity [111]. Time and atomic locations are discretized, while
a mean field description of the propagating interface is employed. This is achieved by
defining a continuous occupancy of atomic sites. A site can be in any intermediate state
between empty and occupied. Time evolution is linked with atomic removal rates via
the so-called principle of rate equivalence. As a consequence, surface propagation can be
described with a scalar field, representing the rate of change of occupation. In particular,
the rate of occupation is strongly influenced by the local neighborhood. The atomic re-
moval rates are calculated by using idealized atoms similar to KMC. Geometric relations
between removal rates of generic atoms and macroscopic etch rates of crystal facets can
be devised, which result in systems of algebraic equations. Microscopic removal rates
need to be calibrated to experimental results by incorporating the measured etch rates
into the system of equations [110].

KMC methods are usually employed to study complex small scale morphology fea-
tures [108], but have also been used to investigate the connection between microscopic
processes and the macroscopic etch rates [112]. CCA methods are useful in situations
where average etch profile propagation is more important than microscopic features. Ar-
eas of application include the prediction of etch rates associated with high-index planes,
the correct description of micromasking features, and investigations of morphological
inhomogeneities [95].

3.2.2 Continuum Approaches

The foundation of continuum modeling approaches for anisotropic wet etching is the
Wulff-Jaccodine method. Hereby, the main building block is the dissolution diagram,
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Figure 3.3: Typical etch rate distributions V (yn) for cubic crystals. (a) and (b) 3D illustration of V (yn),
where the depicted surfaces are constructed from the function yn ]→ V (yn) for all unit vectors
yn. Additionally, slice paths are indicated (red lines). (c) and (d) Visualization of V (yn)
along the sliced paths. The distributions reflect octahedral symmetry (thus, they are typi-
cal for the case of wet etching of Si with KOH) and originate from Hubbard interpolation
which is discussed in Section 5.1.1.
Reprinted with permission from Toifl et al., IEEE Access 8, 115406 [25] (2020).
c: 2020 Authors, licensed under the Creative Commons Attribution 4.0 License (https://
creativecommons.org/licenses/by/4.0/).

which provides an etch rate for each crystal facet. The dissolution diagram is essentially
a variation of the equilibrium crystal shapes as encountered with equilibrium epitaxy.
As such, geometric methods similar to Wulff’s construction have already been employed
in the 1950s and 1960s. One exemplary result is the rule formulated by Batterman [89]:

On a concave surface, the plane at a relative minimum in etch rate versus orienta-
tion will limit, while on a convex surface the converse will hold.

This particular rule enables the qualitative prediction of many topographical fea-
tures encountered with anisotropic wet etching. The strength of continuum models
comes from the capability of predicting and optimizing topographies of high geometrical
complexity, as needed for optimization of mask shapes [113] or structures consisting of
high-index planes [114]. As an alternative to the Wulff-Jaccodine method, there have
also been efforts to employ the phase-field method in a framework similar to the epitaxy
case, as described in Section 2.2.5. In the case of wet etching, there is no deposition
term. Instead, a vacancy production rate and anisotropic interface energy function must
be properly defined [115].
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Figure 3.4: Etch profile evolution during anisotropic wet etching of a simple structure (t0 < t1 < t2 <
t3). (a) Prototypical evolution for V (yn) as shown in Fig. 3.3a. R1 1 3 is significantly larger
than R1 1 1, which causes {1 1 1} planes to dominate already in the early phases. (b) Typical
evolution for V (yn) as shown in Fig. 3.3b. R1 1 3 constitutes a local minimum and {1 1 3}
facets are (meta) stable before {1 1 1} eventually define the etch profile. Even though the
ultimate profiles look the same, the intermediate topographies differ.

Nevertheless, methods based on Wulff-Jaccodine are commonly employed to predict
wet etching profiles. Due to the reaction-limited nature of anisotropic wet etching, sur-
face reaction kinetics determines the etching rate and well-defined orientation-dependent
etch rate functions V (Cn) can be defined. Importantly, this framework is very similar to
stationary kinetic growth models presented in Section 2.2.5. The first procedures to
utilize the Wulff-Jaccodine method to simulate the etch profile evolution in 2D have
resorted to polygonal descriptions of the etch front [116], [117].

In recent years, the level-set method has been widely employed for anisotropic etch-
ing problems [25], [33], [118]–[122]. An important merit is that etch rate functions of
the form V (Cn) can be directly incorporated into the level-set framework. In particular,
the etching evolution is solely determined by a continuous V (Cn), where every crystal
orientation Cn is assigned a etch rate V , which is exactly what is needed for the surface
propagation equation (2.12). Furthermore, V (Cn) can be deduced from experiments and
the wagon-wheel masking patterns and hemispherical specimen etching techniques are
ideally suited to determine V (Cn) with high resolution with respect to crystal orientation.

Anisotropic wet etch profiles are typically characterized by a few defining facets,
e.g., {1 1 1} for Si. This is due to the fact that these characteristic facets are associ-
ated with minima and maxima of V (Cn) and thus define the limiting shape of the etch
profile (consistent with Batterman’s rule). Fig. 3.3 shows two example distributions,
which have a global minimum at {1 1 1} in common. This facet is eventually the dom-
inating one, since most etching experiments naturally produce concave topographies
(see Fig. 3.1). Nevertheless, in experiments also high index facets can be (temporarily)
observed. These facets represent local minima and are thus stable for a certain time
before they disappear in favor of the global extrema facets. The impact of the etch
rate distribution is illustrated in Fig. 3.4, where the etch profile is shown for multiple
etch times. The etching configuration is a standard etching experiment where a masked
substrate is locally exposed to the associated etchant. The resulting profile as visualized
in Fig. 3.4a originates from the distribution in Fig. 3.3c and is characterized by the fast
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Table 3.2: Summary of modeling approaches targeting anisotropic wet etching.

Physics/Chemistry Surface Tracking Application Targets Dimension Publications

Atomistic

(KMC) Discrete Interface
Morphology 2D, 3D [95], [107], [108], [112]

Atomistic

(CCA)
Morphology, Topography 3D [109], [110]

Continuum

Equilibrium Dynamics Topography 2D [44], [116]

Phase-Field Morphology
3D Etching of

Flat Initial Surface
[115]

Level-Set Topography 3D [25], [33], [118]–[122]

emergence of the limiting shape (V-shape). In contrast, the etch profile evolution de-
picted in Fig. 3.4b results from the distribution shown in Fig. 3.3d which is characterized
by a local maximum for {1 1 3} facets. Hence, {1 1 3} facets appear for a limited time.
Similar observations can be made with a higher number of temporally appearing facets.
The result is a topography that is potentially highly complex for certain stages of the
etch process, while the final topography converges to simpler geometries determined by a
certain (mostly small) set of limiting rates. Modeling decisions are necessary here: If all
details of the etch profile evolution (in particular during early stages) are desired, a large
number of facets and their corresponding etch rates need to be characterized. If the end
result/later stages are sufficient, a significantly lower number of facets is viable. Even
if elaborate characterization data is available, interpolation techniques are necessary to
generate the functional form of V (Cn), see Chapter 5.

3.3 Summary

In this chapter, the fundamentals and modeling approaches of anisotropic wet etching
were reviewed. Tab. 3.2 provides an overview of modeling techniques investigated in the
literature.

Similar to the discussion of level-set based modeling of selective epitaxy in Sec-
tion 2.2.5, level-set based simulations of anisotropic wet etching were identified to be
well-suited for semiconductor device engineering applications. The field of applicability
is even wider compared to the epitaxy case, because a distribution V (Cn) can describe
the broad field of reaction-limited wet etching processes.

Even though the level-set method is a powerful foundation for topography-based
process simulation, the strong spatial dependence of V (Cn), as illustrated in Fig. 3.3,
presents numerical challenges. Since the local orientation Cn depends on the local topog-
raphy of the wafer, numerical inaccuracies in the description of the wafer surface have
significant impact on etch or growth rates evaluated at every point of the surface. As
a result, it is important to ensure numerical stability and robustness. Hence, numerical
schemes which enable reliable level-set simulations of anisotropic wet etching and SEG
are presented in the following chapter.
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During semiconductor fabrication processes, the semiconductor material stack is pat-
terned by depositing and removing (etching) thin material layers. Many processes result
in complex 2D and 3D topographies, which is particularly the case for anisotropic wet
etching and selective epitaxy. In order to describe the geometric evolution of etch pro-
files and (epitaxial) thin film growth in three dimensions, a technique to track the wafer
surface is required. A general surface tracking method describes a surface Γ(t) which is
deformed over time. A special requirement for semiconductor process simulations is that
some processes can result in topological changes of Γ. These include the vanishing of
entire material surfaces and merging of multiple surfaces (e.g., coalescence of previously
separated islands).

Surface Representations

Three main groups of techniques are used to evolve a 2D or 3D surface: explicit, cellular,
and implicit surface representations.

Explicit representations of Γ are based on a set of connected points (e.g., trian-
gulated mesh). The time evolution Γ(t) is described by displacing all nodes in normal
direction with respect to the surface. It is important ensure that the displaced Γ is
still well-resolved, which requires the redistribution of nodes. Furthermore, topological
changes are difficult to robustly handle in three dimensions, because self-intersections of
the explicit surface can occur and node connectivity has to be adapted accordingly [87],
[123], [124].

Cellular representations are based on a grid of cubic cells, where a numerical value
is assigned to each cell. These values describe the volume of a material that is occupied
by the cell and thus enables to identify if the cell is an interior/exterior cell or is part of Γ
(= boundary cell). Γ is evolved over time by updating the numerical values according to a
surface velocity or cellular automata-like update rules. Even though topological changes
are robustly handled, the representation accuracy of geometric features is limited by the
resolution of the cubic cells [95], [125].

Implicit representations describe Γ via a continuous scalar field. Important real-
izations are the phase-field and level-set method, which are introduced in Section 2.2.5.
The evolution of Γ is described by altering the scalar field according to a partial differ-
ential equation which describes the surface propagation rate, i.e., the phase-field equa-
tion (2.10) or the level-set equation (2.12). Topological changes are handled naturally,
e.g., no specific considerations are required if two surfaces merge. Due to the surface
description with a continuous scalar field, Γ is resolved with sub-grid accuracy [18], [51].
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The Level-Set Method

Implicit surface tracking with the level-set function is well-suited for topography-based
semiconductor process simulation. The automatic treatment of topology changes and
sub-grid resolution enable high-accuracy descriptions of the semiconductor material
stack. In particular, it is not necessary to perform special case differentiation for these
changes or tests for self-intersection. Furthermore, the scalar field description of the sur-
face works well in conjunction with continuum etch or growth models. In contrast to the
phase-field method, where Γ is described with an extended interface region, Γ is sharply
defined with the zero level-set of the implicit level-set function, which is beneficial if
multiple thin material regions are present. A further advantage of the level-set method
is the ability to interface with device simulations, because the required explicit volume
meshes can be generated by marching cubes algorithms [126]. The level-set method is
also widely employed in other fields, including image processing, computational physics,
and biochemistry [16], [127].

As discussed in the previous chapter, anisotropic wet etching and SEG strongly
depend on crystal orientation. As a result, the etch or growth rates at every point
of Γ significantly depend on the local topography. This gives rise to a critical sensi-
tivity to the accuracy of the geometry description, which is a major challenge in the
computational treatment of the level-set equation. The level-set function is commonly
discretized on a regular grid and the level-set equation is numerically solved using finite
difference schemes. Since typical etch and SEG profiles have sharp edges, the correspond-
ing spatially varying surface normals are required to be resolved with high accuracy. In
particular, artificially rounding of sharp edges due to the limited spatial resolution is
undesired. Furthermore, sharp edges impose abrupt changes in the level-set function.
These are problematic due to the fact that the level-set equation is a hyperbolic partial
differential equation, which might lead to the excitation of artificial numerical waves.

A further difficulty comes from the multi-material stack encountered in process sim-
ulations. A level-set representation of multiple material regions is typically implemented
by constructing multiple level-set functions. The conventional construction method can
induce numerical inaccuracies resulting in incorrectly imposed local convexity. Since
anisotropic process are sensitive to the local topography, multi level-set methods need
to be specifically designed to robustly support selective deposition processes.

Numerical Methods for Anisotropic Processes

This chapter presents numerical methods for anisotropic fabrication processes and starts
with introducing the level-set method for the general field of semiconductor process
simulations. The discussion subsequently moves to the specifics of crystal orientation-
dependent processes. This sets the stage for the introduction of a novel numerical dis-
cretization scheme which enables stable 2D and 3D anisotropic wet etching and SEG
simulations. The scheme is based on the ideas of the viscosity solution of the level-set
equation, which leads to the derivation of a novel Stencil Lax-Friedrichs scheme that
is tailored to crystal orientation-dependent processes. The proposed scheme minimizes
the rounding of sharp corners and does not require the tuning of heuristic numerical
parameters. These properties establish a high practical applicability.
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Furthermore, a material-representation technique, the deposition top-layer method, is
proposed to enable robust SEG simulations.

4.1 The Level-Set Method for Anisotropic
Semiconductor Processes

In this section the fundamentals of the level-set method in the context of semiconductor
process simulation are discussed. The main focus is on the numerical implications of the
pronounced orientation-dependent nature of anisotropic processes.

4.1.1 The Level-Set Method for Process Simulations

The level-set method describes a surface Γ with a continuous level-set function φ(Cx) in
the domain Cx ∈ Ω. The surface is implicitly defined by the zero level-set of φ, which
is {Cx ∈ Ω |φ(Cx) = 0}. Furthermore, the surface is oriented: Given a closed surface
Γ, regions inside the surface have negative level-set values φ(Cx) < 0, while outside
regions have positive level-set values φ(Cx) > 0. A special form of φ which fulfills these
requirements is the signed-distance function, where the absolute value of φ for every Cx
is defined as the Euclidean distance to Γ. A signed-distance level-set function has the
property

4∇φ4 = 1 (4.1)

on every point Cx ∈ Ω. Employing a signed-distance φ offers multiple advantages. First,
a signed-distance φ is monotonic across the interface with a constant gradient, which
enables robust differentiation. Second, the constant 4∇φ4 enables accurate calculation
of geometrical quantities (e.g., surface normals, curvatures) for points which are not
in direct proximity of the zero level-set. Third, the closest point CxΓ ∈ Γ on Γ can be
approximated by CxΓ = Cx− φ(Cx)∇φ(Cx).

Fig. 4.1 visualizes a 2D signed-distance φ for a material region M (e.g., representing
a Si wafer), which describes the boundary of the material region Γ = ∂M. The topo-
graphical change during a fabrication process is modeled by altering M, i.e., Γ evolves
over time. The time evolution φ(t) is described with the level-set equation[16]

∂φ

∂t
+H(∇φ) = 0, (4.2)

which is of the Hamilton-Jacobi type with the Hamiltonian H. Surface movement is
incorporated with a scalar velocity field V , which is the normal component of the local
surface propagation vector CVΓ:

H = V 4∇φ4. (4.3)

The level-set equation has the form of the physical advection equation, which is why
the movement of the surface is also referred to as advection of the surface. Variations of
(4.2) can also be employed, e.g., curvature-dependent velocity resulting in a convection-
diffusion equation [16] or vector velocity fields to describe thermal oxidation [27]. In gen-
eral, all physical or chemical phenomena that cause the surface to move are abstracted
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Figure 4.1: Illustration of the description of a material region M with a level-set function φ(yx). The
zero level-set of φ(yx) represents the boundary of the material region ∂M. Additionally, the
φ = −1 and φ = 2 level-sets are shown. These highlight the orientation of φ(yx) (φ(yx) <
0 if x is inside ∂M). The depicted level-set function has the signed-distance property,
i.e., the value of φ(yx) corresponds with the Euclidean distance to ∂M. Furthermore, the

propagation of the zero level-set is determined by local surface velocities yVΓ which typically
directly originate from the physical process that deforms M. yVΓ is projected on the surface
normal direction, which results in the scalar velocity V . V is extended to the entire domain
(indicated as Vext) via velocity extension.

and incorporated in V . Importantly, V needs to be defined for every point in the do-
main Ω. However, physically modeled etch/deposition rates are typically only available
directly at the surface. Consequently, techniques to extrapolate from the surface to Ω
are necessary (e.g., velocity extension) [128], [129].

Temporal and Spatial Discretization

In order to solve (4.2) computationally, Ω and φ(Cx) are discretized. The common choice
is discretization on a regular Cartesian grid [18] to enable the application of the finite
difference method1. Efficient grid generation is possible by means of adaptive locally
refined grids [132] or hierarchical grids, where finely resolved Cartesian grids are placed
in regions of high topographical interest (e.g., high curvature) [133], [134]. Since (4.2)
consists of temporal and spatial partial derivatives, discretization in time and space is
necessary. The former is achieved by the forward Euler method

φt+Δt = φt −ΔtĤ, (4.4)

which is first-order accurate. Ĥ denotes here a general finite difference approximation of
the continuous Hamiltonian H. The forward Euler method is the foundation of explicit
Runge-Kutta methods [16]. These are constructed by employing sequential forward Euler
steps and a subsequent averaging operation. For instance, the second-order accurate
Runge-Kutta method employs (4.4) to calculate the temporary φ̃t+Δt, which is utilized
to apply (4.4) again, resulting in φt+2Δt. The averaging step provides the new φ-values:

φt+Δt =
1

2
φt +

1

2
φt+2Δt. (4.5)

1As an alternative, finite element methods have also been studied in the literature [130], [131].
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Considering a 3D setting, the numerical Hamiltonian Ĥ(φ−
x , φ

+
x , φ

−
y , φ

+
y , φ

−
z , φ

+
z ) ap-

proximates H by employing a combination of spatial backward and forward finite dif-
ferences. The respective first-order accurate versions are given by

φ−
l =

φi − φi−1

Δl
, l ∈ {x, y, z} (4.6)

and

φ+
l =

φi+1 − φi

Δl
, l ∈ {x, y, z}. (4.7)

An important class of higher-order backward and forward finite differences are weighted
essentially non-oscillatory schemes. These employ a weighted convex combination of
different finite difference stencils to avoid differentiation across discontinuities [18]. The
most beneficial form of Ĥ(φ−

x , φ
+
x , φ

−
y , φ

+
y , φ

−
z , φ

+
z ) depends on the convexity of H. H is

convex if
∂2H

∂φp∂φq

≥ 0 for all p, q ∈ {x, y, z}. (4.8)

Since H = V 4∇φ4, the velocity field V determines the convexity of H. As a result, a
convex H is established by an external velocity field V (Cx) which does not depend on the
local surface normal. In this case, the upwind scheme can be applied, where the sign of
V selects an appropriate one-sided approximation of H. The convexity of H guarantees
the numerical stability of the upwind scheme [135], [136].

However, numerous velocity fields V encountered in process simulations are non-
convex, which is due to many processes exhibiting normal-dependence (e.g., anisotropic
wet etching and SEG). In these cases, alternative schemes to define Ĥ are required. Im-
portant numerical methods are the Lax-Friedrichs scheme and the Roe-Fix scheme, which
both introduce the concept of artificial dissipation [16], [137], [138]. In Section 4.1.2 the
Lax-Friedrichs scheme is discussed in depth, because it is - as will be shown - adequate
for anisotropic V .

Furthermore, the level-set equation (4.2) is a first-order hyperbolic differential equa-
tion. In order to ensure numerical convergence of explicit schemes like (4.4), the mag-
nitude of the time step Δt is limited by the Courant, Friedrichs, Lewy (CFL) condi-
tion [139]

max
�x∈Ω

|V (Cx)| ≤ Δx

Δt
, (4.9)

where Δx refers to the grid spacing. The time step is in practice calculated with the
CFL number 0 < C ≤ 1

Δt = C · Δx

max�x∈Ω |V (Cx)| . (4.10)

Approximations of Geometric Quantities

The level-set method enables simple calculation of basic geometric quantities by direct
evaluation of φ. The local normal vector at point Cx is directly determined by φ(Cx):

Cn =
∇φ(Cx)

4∇φ(Cx)4 . (4.11)
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The mean curvature can also be calculated from φ(Cx):

κ = ∇ · Cn = ∇ ·

 ∇φ(Cx)

4∇φ(Cx)4
�
. (4.12)

These properties are beneficial in the numerical treatment of surface evolutions, because
finite difference approximations of φl, l ∈ {x, y, z} are sufficient to calculate normal
vectors and curvature. In case φ is a signed-distance field (4∇φ4 = 1), the expressions
are further simplified.

Re-Distancing

When the level-set equation is numerically solved over multiple time steps, the signed-
distance property 4∇φ4 = 1 is not necessarily maintained. This is caused by errors
introduced by discretization or the construction of the extended velocity. A level-set
function which lost its signed-distance property is prone to displacement of the zero
level-set by numerical noise, which consequently also affects the normal vectors and
curvature calculations. Hence, a re-distancing step is performed by solving the partial
differential equation

4∇φ4 = 1, Cx ∈ Ω (4.13)

with the boundary condition 4φ(Cx)4 = 0, Cx ∈ Γ [134].

Narrow Band and Sparse Field

In principle, (4.4) has to be discretized on the entire domain Ω, which represents a
significant computational burden. Hence, techniques to reduce the number of necessary
computations have been proposed. In the narrow band method only grid points {P :
|φ(CxP )| < φN}, with a given φN > 0 are considered. The underlying assumption is that
φ values at grid points further away than φN do not impact the velocity calculation. For
semiconductor process simulations, this assumption is met, because all relevant velocity
functions are only affected by the geometry of Γ which is well-resolved by the level-set
values in close proximity to Γ, i.e., |φ| is small. The main benefit of the narrow band
method is the reduction of the memory-footprint required to evolve Γ over time. An
alternative to the narrow band method is the sparse-field method. Here, the set of grid
points is reduced to the absolute minimum required to describe a surface. Only a single
layer of grid points on each side of Γ, referred to as active grid points, are considered
to solve (4.2) [30], [118]. Hence, the memory-footprint is further reduced. However,
this comes at the expense of additionally required sparse-field expansion steps. These
ensure that also the set of non-active grid points required for spatial discretization are
well-defined.

Workflow of a Level-Set Topography Simulation

The surface propagation in a typical level-set topography simulation consists of several
steps shown in Fig. 4.2. The flowchart shows a general growth process on an initial
topography. The surface propagation is governed by a physical model describing the
growth. If growth is driven by incoming material flux, the local flux is calculated on every
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Flux Calculation Flux on Surface

New Time
Step

Physical Model
Velocity

on Surface

Velocity Extension

Velocity in
Narrow Band

Level-Set
Advection Engine

Moved Surface

Figure 4.2: Flowchart of the operations performed during one time step of a typical level-set process
simulation. A physical model calculates the local advection rates on the surface. If the
process exhibits flux-dependency, the flux on the surface is additionally calculated and uti-
lized in the physical model. With the velocity extension algorithm, volumetric velocities are
obtained to define the Hamiltonian in the narrow band, as given in (4.3) [128], [129]. The
level-set is propagated (advected) with a suitable discretization of (4.2) and time step Δt.
These operations are repeated until the stop criterion is met, e.g., a specific cumulative etch
time.

point of Γ. Additionally, quantities like the local surface normal or material properties
are accounted for to determine CVΓ. Velocity extension is then applied to obtain V (Cx)
inside the entire narrow band. Subsequently, V (Cx) is provided to the surface propagation
engine (referred to as level-set advection engine), which propagates the surface for a small
time step Δt. All level-set values are updated according to V (Cx) and the signed-distance
property (4.1) is restored with a re-distancing step. Subsequently, the next advection
cycle is initiated.

Software Implementation

The outlined 2D and 3D topography simulation methodology for semiconductor process
has been implemented in multiple simulation frameworks. These include commercial
and open-source tools. The commercial general purpose process simulator Victory Pro-
cess distributed by Silvaco is based on the narrow band level-set method and provides
physical models for several etching, deposition, and doping processes [140]. Sentauraus
Topography distributed by Synopsys [141] is a level-set based topography simulator,
which also offers user-extendable etching and deposition models. ViennaTS (topogra-
phy simulator) is an open-source tool developed at the Institute for Microelectronics,
TU Wien [142] and uses an implementation of the sparse field method and a hierarchical
run-length encoded data structure to efficiently store and process active grid points. Due
to its open software license, users can extend the tool with specialized models and can
also utilize the Monte Carlo particle transport engine to implement complex deposition
processes (e.g., shading, particle reflection). ViennaTS is utilized in Section 4.2 to assess
the numerical methods proposed in this work.
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(a) (b)

Figure 4.3: (a) Etch rate distributions V (yn) with strong anisotropy (inset) cause spatially varying ve-
locity values at active grid points. This effect is amplified at sharp corners of the front. As
a consequence, from one time step to the other significant changes of the effective V at a
specific grid point are induced. Since the level-set equation is hyperbolic, artificial waves of
φ can be excited and subsequently propagated through the computational domain, which
results in instable front propagation. (b) The topographies generated during typical SEG
and anisotropic wet etching simulations feature sharp corners (Region A) and extended flat
surfaces (Region B).
Reprinted with permission from Toifl et al., IEEE Access 8, 115406 [25] (2020).
c: 2020 Authors, licensed under the Creative Commons Attribution 4.0 License (https://
creativecommons.org/licenses/by/4.0/).

Up to this point the level-set method was introduced in the broader context of
modeling topographical changes during a fabrication process. In the next section, the
challenges of its application to model highly anisotropic SEG or wet etching simulation
are presented.

4.1.2 Crystal Direction-Dependent Surface Propagation

In this section the incorporation of crystal orientation dependent etch or deposition rates
into the level-set method is presented. As discussed in Section 2.2.5 and Section 3.2.2, a
broad class of SEG and anisotropic wet etching processes can be well-described with a
distribution function V (Cn) which depends on the local surface normal vector Cn. Since Cn
is given by (4.11) it is a function of the spatial derivatives of φ: Cn = Cn(φx, φy, φz). Thus,
the associated Hamiltonian is a function of the spatial derivatives:

H(φx, φy, φz) = V 4∇φ4 = V (Cn(φx, φy, φz))4∇φ4. (4.14)

A Hamiltonian H constructed from an orientation-dependent velocity distribution
V (Cn) is non-convex. If the surface has sharp corners, the non-convexity is problematic
for the numerical stability of the discretized level-set equation [25], [119]. The reasons
can be understood by considering an etch front with high curvature, as illustrated in
Fig. 4.3a. The profile is propagated with a non-convex numerical Hamiltonian Ĥ which
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originates from a velocity V (Cn) with possibly multiple extrema. As a consequence, the
velocity assigned to the grid points is strongly varying, even for neighboring grid points.
During front propagation the velocity between two grid points needs to be estimated with
some combination of the velocities exactly at these points [26]. The exact magnitude
of the velocity extrema and the placement of the front relative to the grid points are
required for a high-quality estimation. However, this is difficult to achieve in a general
setting. Furthermore, even if the global shape of the surface does not significantly
change after a small time step Δt, the grid points near the surface are assigned a new
set of considerably different velocities, hitting or missing the exact extrema of V (Cn).
As a result, the local advection speed can drastically change between time steps. Since
the level-set equation (4.2) is a hyperbolic partial differential equation, locally confined
sudden changes of φ values can excite numerical waves which spatially and temporally
propagate through the computational domain. In a topography simulation, this highly
undesired phenomenon can be observed as noisy and wavy fronts in regions where a flat
surface is expected.

Viscosity Solution

Anisotropic etch and growth simulations naturally involve sharp corners. Even in the
continuous formulation of the level-set, a non-differentiable φ(Cx) is required to resolve
sharp corners, such as the V-shape displayed in Fig. 4.3b. As a consequence, the phys-
ically expected solution of the level-set equation is not smooth. Thus, a more general
methodology is required to solve (4.2), the so-called viscosity solution. The main idea
of the viscosity solution is to add an artificial viscosity term of the form ε∇2φ to the
level-set equation (4.2). The adapted equation

∂φ

∂t
+H(∇φ) = ε∇2φ (4.15)

asymptotically approaches the level-set equation for ε → 0. The vanishing viscosity
allows to pick out the desired physical solution, which is a weak solution of the level-set
equation. This is achieved by adding a diffusive component to (4.2) which also has a
damping effect on waves that are excited by sudden changes of φ. Since the artificial
viscosity is asymptotically vanishing, the method is called vanishing viscosity method.
A further important benefit of this method is that viscosity solutions show reasonable
behavior even if spatial derivatives do not exist at isolated points in the domain (e.g.,
kinks or sharp corners) [16], [143].

Lax-Friedrichs Scheme

In order to apply the idea of the viscosity solution for the discretized level-set equa-
tion, the monotone Lax-Friedrichs scheme can be employed. This numerical scheme
was originally introduced by Crandall and Lions [137] and is first-order in space. The
characteristic feature is an additional linear numerical dissipation term.
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The Hamiltonian H, as defined in (4.2), is replaced by the numerical Hamiltonian

Ĥ =H
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at every active grid point P . φ+,−
l denotes the first-order forward/backward discretiza-

tion of the spatial derivative with respect to l ∈ {x, y, z} and αl are the dissipation
coefficients. Hence, Ĥ is composed of two terms

Ĥ = H
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�
, l ∈ {x, y, z}. (4.17)

The first term is the finite difference discretization of the continuous Hamiltonian and
the second term represents the numerical dissipation

D =
�

l∈{x,y,z}
αl
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l

2

�
. (4.18)

The main idea of this scheme is to stabilize the surface propagation by adding nu-
merical dissipation in regions of large spatial variations of φ. Fig. 4.3b shows a V-shaped
front, where the region around the tip is characterized by high curvature (Region A).
Here, a large value of D is desired, while in flat regions (Region B), a small value of D
is sufficient to achieve stable front propagation. In order to achieve this behavior, the
dissipation coefficients αl need to be appropriately defined. However, the calculation of
αl is difficult in practice. If the respective values are too small, a noisy front materializes
and propagating waves occur. On the contrary, if chosen too large, over-smoothing can
arise, which results in overly rounded edges. Multiple approaches to achieve stability
and sharp geometrical features have been proposed. An elemental scheme which handles
the case of spatially constant V is [16]

αl = max
P∈S

|V nl|, (4.19)

where the maximum is taken for all points P in a specific stencil S (thereby defining
a Stencil Lax-Friedrichs scheme). If V (Cn) can be analytically described, appropriate
dissipation coefficients can be directly derived [28]. However, an analytical form of V (Cn)
for a general anisotropic wet etching and SEG process cannot be straight-forwardly
formulated. Hence, the dissipation coefficients can either be heuristically chosen [118],
or numerically approximated as proposed by Montoliu et al. [34]. Even though these
approaches have been successfully employed for specific processes [120], they feature
at least one numerical calibration parameter which needs to be determined for every
simulation configuration.

In the following section, a scheme is presented, which builds on these ideas and cal-
culates αl in an optimized way for anisotropic processes. Most importantly, no heuristic
parameters are required and thus allow for convenient application of numerically stable
level-set based simulations for anisotropic wet etching and SEG.
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4.2 Stencil Lax-Friedrichs Scheme

A Stencil Lax-Friedrichs scheme for strongly anisotropic processes [25] is presented in this
section. First, the scheme is rigorously derived from monotonicity considerations. Then,
an implementation in ViennaTS is discussed and employed to analyze the capabilities
of the scheme.

4.2.1 Derivation of the Scheme

As discussed in the previous section, the main idea of the Lax-Friedrichs scheme is to
define a numerical Hamiltonian

Ĥ =H
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(4.16 revisited)

which enables the convergence of the numerical solution of the level-set equation (4.2)
to the viscosity solution. The time discretization

φt+Δt = φt −ΔtĤ
�
φ−
l , φ

+
l

�
l ∈ {x, y, z} (4.4 revisited)

is the first-order forward Euler scheme. Crandall and Lions have established that the
numerical Hamiltonian (4.16) with first-order spatial derivatives is stable if the scheme
is monotone [137]. Thus, it is demanded that the scheme is non-decreasing in every
argument φi,j,k, φi±1,j,k, φi,j±1,k, and φi,j,k±1, where i, j, and k refer to the grid point
indices, corresponding to the three spatial coordinates. Applying these conditions to
(4.4) and (4.16), results in four inequalities

dφt+Δt
i,j,k

dφt
i,j,k

≥ 0 ⇒ Δt



αx

Δx
+

αy

Δy
+

αz

Δz

�
≤ 1, (4.20)

dφt+Δt
i,j,k

dφt
i±1,j,k

≥ 0 ⇒ αx ≥
���� ∂H∂φx

���� , (4.21)

dφt+Δt
i,j,k

dφt
i,j±1,k

≥ 0 ⇒ αy ≥
����∂H∂φy

���� , (4.22)

dφt+Δt
i,j,k

dφt
i,j,k±1

≥ 0 ⇒ αz ≥
����∂H∂φz

���� . (4.23)

Therefore, there are four conditions which need to be independently fulfilled on every grid
point P . The first inequality (4.20) relates the stable time step Δt with the dissipation
coefficients. Conditions (4.21) to (4.23) show that there is a lower limit for αl which is
a function of ∂H

∂φl
. This term cannot be geometrically interpreted, but incorporates the

nature of the velocity function V , e.g., the ratio of minimal and maximal velocity. In
the case of a Hamiltonian which depends on the surface normal (4.14), ∂H/∂φl with
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l ∈ {x, y, z} can be further analyzed, because the components of the normal vector
components nl can be expressed in terms of the spatial partial derivatives of φ

nl =
φl

4∇φ4 =
φl�

φ2
x + φ2

y + φ2
z

(4.24)

and V has the form

V = V (nx(φx, φy, φz), n
y(φx, φy, φz), n

z(φx, φy, φz)). (4.25)

In the following, the calculation of ∂H/∂φx is presented and the remaining expressions
∂H/∂φy and ∂H/∂φz are derived analogously. First, the product rule of differentiation
is applied

∂H

∂φx

=
∂

∂φx

V 4∇φ4 =
∂V

∂φx

4∇φ4+ V
∂4∇φ4
∂φx

, (4.26)

yielding two terms to consider. For the first term ∂V/∂φx the chain rule of differentiation
is employed

∂V

∂φx

=
∂V

∂nx

∂nx

∂φx

+
∂V

∂ny

∂ny

∂φx

+
∂V

∂nz

∂nz

∂φx

. (4.27)

The expressions ∂nl/∂φx is evaluated by making use of (4.24)

∂V

∂φx

=
1

4∇φ43
�
∂V

∂nx

�
φ2
y + φ2

z

�− ∂V

∂ny
φxφy − ∂V

∂nz
φxφz

�
. (4.28)

The second term ∂4∇φ4/∂φx is expressed in terms of nx

∂4∇φ4
∂φx

=
φx

4∇φ4 = nx. (4.29)

These intermediate results are applied to (4.26), which yields

∂H

∂φx

=
∂V

∂nx

φ2
y + φ2

z

4∇φ42 − ∂V

∂ny

φxφy

4∇φ42 − ∂V

∂nz

φxφz

4∇φ42 + V nx. (4.30)

Analogous calculations for ∂H/∂φy and ∂H/∂φz give rise to similar expressions and the
general result can be expressed as

∂H

∂φl

=
∂V

∂nl

φ2
p + φ2

q

4∇φ42 −
∂V

∂np

φpφl

4∇φ42−
∂V

∂nq

φqφl

4∇φ42+V nl,

l, p, q ∈ {x, y, z}, l b= p b= q.

(4.31)

The term ∂V
∂nx can either be analytically (if possible) or numerically evaluated with

a central difference scheme proposed by Montoliu et al. [34]

∂V

∂nx
=

V (nx +ΔN, ny, nz)− V (nx −ΔN, ny, nz)

2ΔN
(4.32)

(and analogous terms for ∂V
∂ny and ∂V

∂nz ). A possible practical choice for ΔN is

ΔN = ε
1
3 V (4.33)
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ϕ =−1

ϕ = 1

ϕ = 0

ϕ =−2

ϕ = 2

Stencil S

Active Grid Points
Expanded Grid Points
Stencil Grid Points
Center Grid Point

Figure 4.4: Illustration of the grid points required in order to employ the Stencil Lax-Friedrichs
scheme (4.34). The stencil S consists of the grid point in question (center grid point) and
all neighboring points (including diagonal neighbors). In a sparse-field level-set implemen-
tation, the set of active grid points is not sufficient to calculate the dissipation coefficients
of all neighboring points. Hence, the level-set values of grid points which are further away
from the surface Γ (φ = 0) must be calculated in an expansion step (expanded grid points).
Reprinted with permission from Toifl et al., IEEE Access 8, 115406 [25] (2020).
c: 2020 Authors, licensed under the Creative Commons Attribution 4.0 License (https://
creativecommons.org/licenses/by/4.0/).

with ε referring to the floating point accuracy, which balances the truncation and round-
off error [144].

(4.31) enables the practical consideration of conditions (4.21) to (4.23), which is
used to define appropriate dissipation coefficients αl. These conditions only impose a
lower limit on αl. Although there is no upper limit, large values of αl result in excessive
dissipation which causes overly smooth numerical solutions of (4.2). As a result, sharp
edges are artificially rounded, which is not desired for the faceted topographies emerging
during anisotropic processes. Hence, the αl coefficients are calculated based on the lower
limit. Still, it is important to ensure that conditions (4.21) to (4.23) are fulfilled on
every grid point P , as required by the monotonicity criterion. A conservative technique
to achieve this is to calculate the maximum of αl over the entire domain Ω (referred to
as Global Lax-Friedrichs scheme). However, since ∂H/∂φl is essentially a local quantity,
the maximum can also be calculated over a subset of Ω, i.e., over a local stencil S. In
the extreme case S consist only of one point, which is the point P in question (referred
to as Local Local Lax-Friedrichs) [16]. Only considering P bears the risk of violating
(4.21) to (4.23) in grid points near sharp edges.

Hence, a typical choice of S involves a certain number of neighbor points (illustrated
in Fig. 4.4), which motivates the scheme for the calculation of dissipation coefficients for
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velocity distributions of the form V (Cn)

αl =max
P∈S

����∂V∂nl

φ2
p + φ2

q

4∇φ42 −
∂V

∂np

φpφl

4∇φ42−
∂V

∂nq

φqφl

4∇φ42+V nl

���� ,
l, p, q ∈ {x, y, z}, l b= p b= q.

(4.34)

The stencil S consists of 9 and 27 grid points for 2D and 3D simulations, respectively, and
includes the grid point P and all neighboring grid points including diagonal neighbors.
A trade-off between numerical stability and overly rounding of corners is achieved by
considering local information with a rectangular stencil. If a small narrow band or the
sparse-field method is used, the calculation of the derivatives φl potentially require φ-
values outside the narrow band, or sparse field, respectively. Thus, an appropriate choice
of the narrow band width or a dedicated expansion step in the case of the sparse-field
method is required, which is indicated in Fig. 4.4 by illustrating active and expanded
grid points.

In particular, the scheme (4.34) includes the term V nl, which is also present in the
elemental scheme (4.19). In the case of spatially constant V = V0, (4.34) is reduced to
the elemental scheme, and can thus be seen as an extension of the elemental scheme.
Furthermore, the inequality (4.20) connects the time step Δt with αl. In order to fulfill
this condition, the time step ΔtD is calculated according to

ΔtD = min
P∈N



αx

Δx
+

αy

Δy
+

αz

Δz

�−1

, (4.35)

where N refers to the narrow band or the set of active grid points (sparse-field method).
Δtn is typically smaller than the time step indicated by the traditional CFL condi-
tion (4.10).

In summary, the Stencil Lax-Friedrichs scheme for surface normal dependent veloc-
ity distributions is defined as

V = V (nx, ny, nz), H = V 4∇φ4,

αl = max
P∈S

����∂V∂nl

φ2
p + φ2

q

4∇φ42 −
∂V

∂np

φpφl

4∇φ42−
∂V

∂nq

φqφl

4∇φ42+V nl

���� ,
ΔtD = min

P∈N



αx

Δx
+

αy

Δy
+

αz

Δz

�−1

,

Ĥ = H



φ−
l + φ+

l

2

�
−

�
l∈{x,y,z}

αl



φ+
l − φ−

l

2

�
,

φt+Δt = φt −ΔtĤ
�
φ−
l , φ

+
l

�
,

l ∈ {x, y, z}, l, p, q ∈ {x, y, z}, l b= p b= q.

(4.36)

First, the dissipation coefficients αl are calculated, then the time step Δt is evalu-
ated. These quantities are employed to define the numerical Hamiltonian as used in the
first-order Euler time discretization of the level-set equation (4.2).

48



4. Level-Set Method for Anisotropic Wet Etching and Selective Epitaxy

Physical Model
(Crystal Rates)

New Time
Step

Stencil Lax-
Friedrichs

Hamiltonian Ĥ,
Time step Δt

Level-set
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sition Top Layer

Determine Conven-
tional Top Layer

Start
Depo/Etch

Depo/Etch
Finished

Figure 4.5: Flowchart of the CA engine: Software implementation of the Stencil Lax-Friedrichs
scheme (4.36). The prerequisite is that the process is described with a normal-dependent de-
position or etch rate distribution V (yn). The flow of operations is slightly simpler compared
with Fig. 4.2, because velocity extension is not required. If a SEG process is simulated, two
additional steps (dashed lines) are performed. These involve the deposition top layer which
is introduced in Section 4.3.

4.2.2 Implementation and Analysis

Fig. 4.5 shows a software flowchart of the steps required in a practical implementation
of the Stencil Lax-Friedrichs scheme, henceforth referred to as crystal anisotropy (CA)
engine. The time loop controlling the front propagation during etching or deposition
is visualized inside the blue box (solid lines). Compared to the general level-set flow
depicted in Fig. 4.2, the time loop is conceptually simpler. Since V (Cn) is assumed, the
propagation velocity is not only defined on Γ, but is actually a distributed quantity.
This is a special property of the level-set method, because the normal vector Cn can be
calculated from the the level-set field with (4.11) and thus is well-defined in the entire
domain Ω. Hence, no velocity extension is needed and the crystal rate model V (Cn) can
be directly employed.

In order to asses the numerical capability of the scheme (4.36), a reference implemen-
tation of the CA engine in ViennaTS has been developed [25]. Multiple material regions
are described with multiple level-set functions (which is further discussed in Section 4.3)
and associated propagation velocities are assigned to every material region. In order to
enable the calculation of αl an expansion step is employed, where φ values in a larger
vicinity of Γ are calculated based on the sparse set of active grid points [118]. Stencils of
active grid points are partially overlapping, which is taken into account to calculate the
dissipation coefficient for a specific active grid point only once per time step. The special
case of active grid points P located near a material boundary (e.g., interface between
resist and Si substrate), is treated separately: Both material regions (M1 and M2) are as-
signed a dedicated velocity distribution, V1(Cn) and V2(Cn). If P ∈ Mi, i ∈ {1, 2}, Vi(Cn) is
assumed for all velocity calculations needed for the Stencil Lax Friedrichs scheme (4.36).
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Particular attention is required for grid points which are not located within one of
the solid material regions, referred to as vacuum grid points in the following. These
represent air or the surrounding atmosphere during a fabrication process. In order to
ensure continuous movement of Γ, it is required that the level-set values on both sides
of Γ are evenly altered. This is achieved by assigning vacuum grid points adjacent to
Γ the velocity distribution Vi(Cn) of the material region on the other side of Γ. This is
generally implemented by determining the nearest solid material region, which is possible
by inspecting the φ-values of all level-set functions describing all material regions.

Time Step Control

An important feature of the CA engine is the time step control (4.35), which ensures Δt
is consistent with αl with respect to the monotonicity requirement. But in a general
simulation setting there are further constraints on Δt. One is the CFL condition (4.10),
which must be always fulfilled. Another constraint is present in the case of etching
of multiple material layers. Here, it is important to choose a time step ΔtL which
ensures that a thin layer is not entirely traversed during one time step [118]. Thus, the
implementation in ViennaTS (independent of the Stencil Lax-Friedrichs scheme) first
calculates

ΔtC = min

�
CCFL

maxP∈N |Ĥ| ,ΔtL

�
. (4.37)

If anisotropic processes are simulated and the Stencil Lax-Friedrichs scheme (4.36) is
employed, the final time step is

Δt = min
�
ΔtC,ΔtD

�
. (4.38)

Analysis of Spatial Accuracy

In order to analyze the CA engine, a prototypical 2D anisotropic wet etching experiment
previously encountered in Fig. 3.4 is considered and illustrated in Fig. 4.6. The etch
rate distribution V (Cn) of Si has the strongly anisotropic form depicted in the small inset
figure (left) and the etch rate of the resist is assumed to be zero. The configuration is a
demanding test for front propagation stability, because the mask under-etching produces
an etch front with sharp corners. Importantly, the etch front is expected to move with
the slow etch rate R1 1 1 associated with {1 1 1} facets. Based on the 2D configuration
the functional principle of the Stencil Lax-Friedrichs scheme (4.36) can be illustrated.
Fig. 4.7a and Fig. 4.7b visualize the dissipation coefficients αx and αy, as calculated
in proximity to the V-shaped dip. αx and αy are approximately zero in flat regions,
while they reach large values close to the sharp corner. The resulting dissipation term D
(Fig. 4.7c) balances the Hamiltonian H (Fig. 4.7d), which is characterized by large
values at sharp corners. Hence, the CA engine selectively adds the appropriate amount
of dissipation to H in order to ensure a net surface propagation with R1 1 1 consistently
over the highly curved V-shaped dip.

The test configuration Fig. 4.6 allows for comparison of the simulation results with
analytically calculated geometric quantities. An etch rate distribution V (Cn) with global
minimum for {1 1 1} is assumed. As soon as {1 1 1} facets are fully developed, the etch
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1
0.5

Figure 4.6: Schematic illustration (right) of a 2D wet etching experiment, which is used to assess the
capability of the Stencil Lax-Friedrichs scheme (4.36). The geometry parameters mask un-
dercut dU and depth of the V-tip dV are characteristic for a V (yn) which has global minima
at �1 1 1� (one of the crystallographically equivalent minima is shown in the left image). An
important geometry feature is the angle between substrate surface (0 0 1) and {1 1 1} facets,
which amounts to arctan

√
2 ≈ 54.7◦.

Reprinted with adaptions from Toifl et al., IEEE Access 8, 115406 [25] (2020).
c: 2020 Authors, licensed under the Creative Commons Attribution 4.0 License (https://
creativecommons.org/licenses/by/4.0/).

front is V-shaped and keeps this shape, while the mask undercut dU and the vertical
position of the V-shaped tip dV linearly increases over time. If {1 1 1} facets propagate
in a geometrically ideal way with a rate R1 1 1, the values of these quantities are given
by basic geometric relations

didealU =
1

sin ρ
R1 1 1 t ≈ 1.22R1 1 1 t, (4.39)

and

didealV =
1

cos ρ
R1 1 1 t ≈ 1.73R1 1 1 t. (4.40)

ρ is the angle between substrate surface and {1 1 1} and amounts to ρ = arctan
√
2 ≈

54.74◦). In order to quantify the accuracy of the simulated etch profile propagation, the
simple error measure

ΔdU =
|didealU − dU|

Δx
(4.41)

(and the analogous ΔdV) is used, which measures the accumulated error during an etch
step of t seconds duration. The simulated undercut dU and V-shape position dV are
evaluated by extrapolating the {1 1 1} etch profile lines and intersecting the lines with
the mask-Si interface and with each other, respectively.

In the following, various etchants with rates given in Tab. 4.1 are investigated2.
They have been labeled T1, T2, T3, KOH, SEG, whereby the latter two are typical
representatives of rate anisotropy as encountered with the etchants KOH and SEG tech-
niques. Fig. 4.8 shows the simulated profiles for a 800 s etch process.

2The continuous distributions V (yn) are constructed via (trilinear) Hubbard interpolation [145], as
further discussed in Section 5.1.
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Figure 4.7: Illustration of the essential contributions to the numerical Hamiltonian Ĥ in the Stencil
Lax-Friedrichs scheme (4.36). The solid line represents the zero level-set of the 2D wet etch-
ing experiment (Fig. 4.6). A uniform grid with parameter Δx = Δy is employed. (a) The
dissipation coefficients αx and (b) αy are close to zero in flat regions, while they reach max-
imum values in proximity of the V-shaped corner. (c) Resulting numerical dissipation D,
which balances the artificially elevated values of the (d) Hamiltonian H close to the corner.
The resulting numerical Hamiltonian Ĥ = H − D is characterized by small values for all
active grid points. These values reflect the expected small etch rate imposed by R1 1 1. In
particular, no locally elevated Ĥ is present, which enables stable front propagation over
time.
Reprinted with permission from Toifl et al., IEEE Access 8, 115406 [25] (2020).
c: 2020 Authors, licensed under the Creative Commons Attribution 4.0 License (https://
creativecommons.org/licenses/by/4.0/).
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Table 4.1: Parameters of test etch rate distributions V (yn) and the corresponding simulation results for
2D 800 s wet etching simulation (Fig. 4.6). All V (yn) have global etch rate minima at {1 1 1}
and thus are inducing the characteristic V-shaped profile. The simulated mask undercut dU
and the V tip shift dV compared with the ideal values didealU,V . These values reflect the change
in topography between the initial time t0 and t = 800 s. In the case of the SEG etchant,
the V-shaped profile is not fully evolved before t0 = 83 s, in all other cases t0 = 0. The spa-
tial resolution for all simulations is Δx = 0.0045 ➭m and the resulting profiles are depicted
in Fig. 4.8.
Reprinted with permission from Toifl et al., IEEE Access 8, 115406 [25] (2020).
c: 2020 Authors, licensed under the Creative Commons Attribution 4.0 License (https://
creativecommons.org/licenses/by/4.0/).

Rates (➭mmin−1) Etch Times (s) Distances (➭m) Relative Error

Etchant R1 0 0 R1 1 0 R1 1 1 R1 1 3 t t0 dU didealU dV didealV ΔdU ΔdV

KOH 1.0 1.855 0.0073 1.801 800 0 0.122 0.119 0.172 0.169 0.587 0.830

SEG 0.5 0.2 0.05 0.25 800 83 0.732 0.731 1.035 1.033 0.321 0.321

T1 1.0 1.5 0.03 1.5 800 0 0.488 0.490 0.691 0.693 0.328 0.463

T2 1.0 0.6 0.05 0.9 800 0 0.815 0.816 1.152 1.155 0.392 0.554

T3 0.7 0.6 0.04 1 800 0 0.655 0.653 0.926 0.924 0.388 0.549

The homogeneous spatial resolution for all simulations is Δx = 0.0045 ➭m and resulting
geometric quantities dU and dV and error measures are given in Tab. 4.1. In all simu-
lations (comprising more than 1000 time steps), the accumulated relative error during
the simulation is smaller than Δx. Thus, the simulations with the CA engine provide
excellent accuracy.

The high accuracy is enabled by the inclusion of the additional terms in calculation
of αl (see (4.34)). Fig. 4.9a and Fig. 4.9b demonstrate that the elemental scheme (4.19)
results in wavy etch profiles and unacceptably errors ΔdU. In contrast, the Stencil Lax-
Friedrichs scheme (4.36) stabilizes the front propagation, as evident from flat {1 1 1}
facets and the congruence with the ideal profile. Furthermore, the magnitude of the
associated relative errors of the elemental scheme strongly depends on the etch rate
distribution V (Cn), as indicated by the significantly larger error observed with etchant
KOH compared to etchant SEG.

Even though the Stencil Lax-Friedrichs scheme stabilizes the front propagation,
the dissipation term introduces rounding to sharp corners. The reference wet etching
simulation also allows for quantification of the rounding effect by studying the etch front
directly beneath the mask. Fig. 4.9c shows the simulation results for different spatial
resolutions ranging from Δx = 0.0205 to Δx = 0.0015. The Stencil Lax-Friedrichs
scheme (4.36) causes rounding extending over roughly three grid cells, which also is the
case for Δx → 0.

Analysis of Time Stepping

The time step control (4.35) is essential for the stabilization of front propagation. In
the following the impact of the time step reduction is investigated by comparing the
results of simulations employing the traditional and the Stencil Lax-Friedrichs time step
control. In the latter case, there is no associated intrinsic CFL parameter and simu-
lations are performed with the maximum CFL value for the sparse field method, i.e.,
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Figure 4.8: Results of the 2D wet etching (Fig. 4.6) with several etchants (Tab. 4.1). The etch time is
t = 800 s and the spatial resolution is Δx = 0.0045 ➭m. The geometries display the charac-
teristic {1 1 1} planes, which form a V-shaped profile. All distances are given in ➭m.
Reprinted with adaptions from Toifl et al., IEEE Access 8, 115406 [25] (2020).
c: 2020 Authors, licensed under the Creative Commons Attribution 4.0 License (https://
creativecommons.org/licenses/by/4.0/).

CCFL = 0.5 [118]. With this choice only the active grid points can change the sign of
the level-set value during one time step, thus enabling robust front propagation. In the
traditional case, different values for CCFL in the range from 0.5 to 0.01 are employed.
Smaller values imply smaller time steps Δt. The impact of etchant, spatial resolution,
and CCFL on the accuracy of the front propagation is demonstrated in Tab. 4.2, where
again a 800 s etching simulation (Fig. 4.6) is considered. In particular, the nature of
V (Cn) is significant for the time stepping. The traditional time step calculation requires
a CFL number of 0.01 for etchant KOH to fulfill the high accuracy criterion ΔdU,V < 1.0.
CCFL = 0.5 is sufficient for excellent accuracy in the case of etchant SEG, while etchant
T2 requires CCFL = 0.1 for highly accurate results. Therefore, in order to achieve high-
quality simulation results the appropriate CCFL needs to be known a priori, which is not
the case for general etchants.

In contrast, results originating from Stencil Lax-Friedrichs control (4.35) (also re-
ferred to as advanced adaptive time stepping, and denoted as Adaptive in Tab. 4.2),
show high accuracy. In order to investigate the reasons for the high accuracy, the indi-
vidual steps Δt are observed during the test simulation. Fig. 4.10a shows a histogram of
Δt associated with the etchant KOH. The traditional implementation with CCFL = 0.01
and the time step control (4.35) result in significantly different distributions. A broad
distribution of Δt with two distinctive peaks can be observed with the traditional imple-
mentation, while the adaptive scheme exhibits a significantly narrower distribution. The
progression of Δt over time is illustrated in Fig. 4.10b, indicating strong fluctuations in
Δt in the traditional scheme. These can be attributed to the non-convex nature of the
Hamiltonian, which causes fluctuations in the velocities assigned to active grid points.
As a consequence, the maximum velocity and thus Δt (4.37) depends on the position of
the front relative to the grid, which causes variations in Δt spanning more than three
orders of magnitude.
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Figure 4.9: Impact of the dissipation coefficients on the simulated etch front. Comparison of the sim-
ulation accuracy for (a) etchant SEG and (b) etchant KOH with the ideal profile after
120 s. If the elemental term V nl is employed, the propagation is instable and results in
noisy fronts (label B), even though the advanced adaptive time stepping (4.35) is used. By
contrast, the Stencil Lax-Friedrichs scheme (4.34) enables high accuracy fronts (label A).
The magnitude of the error strongly depends on the etchant. (c) Rounding extending over
approximately three grid spacings is introduced by the Stencil Lax-Friedrichs scheme, which
is a general feature of Lax-Friedrichs schemes due to the added dissipation terms. All dis-
tances are given in ➭m.
Reprinted with adaptions from Toifl et al., IEEE Access 8, 115406 [25] (2020).
c: 2020 Authors, licensed under the Creative Commons Attribution 4.0 License (https://
creativecommons.org/licenses/by/4.0/).

In both implementations the structural change of the topography from the initial
geometry to fully emerged {1 1 1} facets is reflected in the magnitude of Δt. Before the
V-shaped profile is formed (t < t2 in Fig. 4.6), constant small time steps are employed in
the traditional case, but as soon as the etch front slowly undercuts the mask, fluctuations
in maximum velocity arise. These cannot be resolved by reducing CCFL to considerably
small values, as the root cause of the fluctuations is not resolved. In contrast, the
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Table 4.2: Investigation of the impact of time stepping. Undercut and V-tip distances (dU and dV, re-
spectively) for 2D simulations of 800 s wet etching. The results obtained from time stepping
employing different CFL numbers and from advanced adaptive time stepping (4.35) are com-
pared with the ideal distances with the relative error (4.41). Entries indicated with l refer to
simulations where the front drifted out of the simulation domain (caused by severe instable
front propagation). The relative error depends significantly on the employed V (yn) and is
particularly high for etchant KOH. Here, extremely small time steps need to be enforced by
small CFL numbers to achieve ΔdU,V < 1.
Reprinted with permission from Toifl et al., IEEE Access 8, 115406 [25] (2020).
c: 2020 Authors, licensed under the Creative Commons Attribution 4.0 License (https://
creativecommons.org/licenses/by/4.0/).

Distances (➭m) Relative Error

Etchant CCFL dU dV ΔdU ΔdV

KOH 0.5 = = = =

Δx = 0.0105 0.3 0.611 0.886 46.850 68.280

0.1 0.247 0.353 12.153 17.519

0.05 0.133 0.189 1.356 1.918

0.03 0.135 0.191 1.543 2.182

0.01 0.122 0.173 0.295 0.421

Adaptive 0.118 0.166 0.159 0.225

Ideal 0.119 0.169

KOH 0.5 = = = =

Δx = 0.0045 0.3 0.622 0.905 111.703 163.577

0.1 0.195 0.278 16.893 24.245

0.05 0.154 0.218 7.695 10.883

0.03 0.134 0.190 3.268 4.719

0.01 0.122 0.174 0.527 1.161

Adaptive 0.122 0.172 0.587 0.830

Ideal 0.119 0.169

Distances (➭m) Relative Error

Etchant CCFL dU dV ΔdU ΔdV

SEG 0.5 0.732 1.036 0.070 0.220

Δx = 0.0105 0.3 0.731 1.035 0.030 0.160

0.1 0.731 1.035 0.001 0.110

0.05 0.731 1.035 0.001 0.110

0.03 0.731 1.034 0.010 0.100

0.01 0.731 1.034 0.010 0.100

Adaptive 0.731 1.036 0.060 0.200

Ideal 0.731 1.039

T2 0.5 = = = =

Δx = 0.0045 0.3 0.986 1.446 46.308 75.069

0.1 0.815 1.152 0.512 0.695

0.05 0.814 1.151 0.877 0.532

0.03 0.814 1.151 0.881 1.246

0.01 0.814 1.151 0.884 1.250

Adaptive 0.815 1.152 0.392 0.554

Ideal 0.816 1.155

advanced adaptive time stepping strongly reduces the fluctuation of Δt, indicating that
the front is numerically stable. A further observation is a periodic pattern starting at
t ≈ 175 s, which can be attributed to repeatedly occurring relative alignment of the front
with respect to the grid.

The analysis presented in this section demonstrates that the CA engine provides
the capability to simulate front propagation under strongly anisotropic V (Cn) with high
accuracy. In the next section, multi-material configurations are discussed. These are
particularly important for non-planar SEG.

4.3 Multi Level-Set Scheme for Non-Planar Selective
Epitaxy

Semiconductor device structures consist of multiple materials which are shaped during
fabrication processes. A strategy to incorporate multiple material regions into the level-
set method is to use a multi-level-set approach. Each material region is represented by
a level-set function, resulting in a set of level-set functions. Robust handling of material
interfaces is essential and can be achieved with an additive enclosure technique, which
is referred to as layer wrapping.
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Figure 4.10: (a) Distribution of the time step Δt in 800 s wet etching simulations (KOH, Δx = 0.0045).
N denotes the total number of time steps. The traditional time stepping (top) employs a
small CCFL, which enables results of acceptable accuracy (quantified by the high accuracy
criterion ΔdU,V < 1.0, as presented in Tab. 4.2). The associated histogram shows a broad
distribution of Δt with two distinctive peaks. By contrast, the advanced adaptive time
stepping (bottom) results in a narrow distribution. (b) Temporal evolution of Δt for the
first 500 s. The traditional time stepping (top) exhibits oscillations which originate from
strongly varying velocity values in the proximity of the V-shaped corner. In contrast, the
advanced adaptive time stepping (bottom) reduces the time step in case high values of
dissipation are needed.
Reprinted with permission from Toifl et al., IEEE Access 8, 115406 [25] (2020).
c: 2020 Authors, licensed under the Creative Commons Attribution 4.0 License (https://
creativecommons.org/licenses/by/4.0/).

The level-set layer Lj representing a specific material region Mi is described by the
boundary surface of the union of all underlying material regions

Lj = ∂

j�
k=1

Mk. (4.42)

Therewith all material regions in Ω are described with a stack of level-set functions. In
order to construct the enclosing layers set operations (Boolean operations) are employed.
These can be conveniently expressed in the level-set framework [136], as shown by two
example correspondences of geometric and level-set operations for union and complement

M3 = M1 ∪M2 ⇔ φ3 = min(φ1, φ2), (4.43)

M2 = Ω \M1 ⇔ φ2 = −φ1, (4.44)

where a level-set function φk describes the boundary ∂Mk. The level-set operations
are applied pointwise for all grid points. Thus, (4.42) can be directly expressed in
terms of the level-set functions. A special role plays the topmost layer TL = Ljmax ,
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Figure 4.11: Time evolution of the simulated surface for heteroepitaxial trench-filling with growth rates
SEG, as defined in Tab. 4.1. The traditional multi-material top layer is employed, which
causes the front to propagate incorrectly in a symmetry-breaking way (t0 = 0 s, t1 = 2 s,
t1 = 1 s, t2 = 2 s, t3 = 15 s, t4 = 50 s, and t5 = 67 s; Δx = 0.0045 ➭m).
Reprinted with adaptions from Toifl et al., IEEE Access 8, 115406 [25] (2020).
c: 2020 Authors, licensed under the Creative Commons Attribution 4.0 License (https://
creativecommons.org/licenses/by/4.0/).

the so-called top layer. Since TL describes the exposed features of the multi-material
stack, it is subjected to the fabrication process. Hence, the corresponding level-set
function φTL is propagated according to the velocity model V . The underlying layers
Lj, j < jmax are typically not affected and the associated level-set values φj remain
constant. Only in special cases, such as etching through multiple material regions, φj

are updated accordingly to maintain the consistency of the construction (4.42) [118].
The highly anisotropic V (Cn) models associated with anisotropic wet etching and

SEG processes result in high sensitivity on the local surface normal vector. Thus, an
accurate description of the zero level-set of TL is necessary. The additive multi-level-sets
approach is well-suited for etching simulations. However, it is not suitable for selective
growth processes, because for some configurations the local convexity is artificially al-
tered at material interfaces. In Fig. 4.11 corner regions are highlighted (white circles),
where Si, SiO2, and SiGe material regions coincide. These are problematic for selective
deposition simulation, because the top layer, as constructed with (4.42), imposes a con-
cave level-set, even though the newly deposited SiGe forms a convex geometry. As a
result, inaccuracies of the local surface normal vector due to the discretization of level-set
function strongly affect the surface evolution. The growth simulation shown in Fig. 4.11
illustrates that these inaccuracies cause non-symmetrical topographies, even though the
initial trench structure is perfectly symmetric. In order to circumvent these inaccura-
cies, the deposition top layer method which employs Boolean operations to construct a
specialized top layer is introduced in the following section.
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Figure 4.12: Illustration of the top layer approach for multiple material regions during a SEG simula-
tion. SiGe is heteroepitaxially grown on Si, but not on the oxide. (a) The traditional initial

top layer TLi circumscribes Si and oxide, while the deposition top layer TLDepo
i does not

include the oxide. Additionally, the orientation is flipped, which ensures consistent orien-
tation of TLDepo and the mask. (b) TLDepo

i enables robust growth and subsequently, the

final deposition top layer TLDepo
f is converted back to the traditional representation TLf

by applying Boolean operations (4.47).
Reprinted with permission from Toifl et al., IEEE Access 8, 115406 [25] (2020).
c: 2020 Authors, licensed under the Creative Commons Attribution 4.0 License (https://
creativecommons.org/licenses/by/4.0/).

4.3.1 Deposition Top Layer

The artifacts in local surface normals at multi-material interfaces can be prevented by
adapting the top layer construction. Prior to a deposition step, the initial top layer
TLi is divided into two subsets. The first subset consists of all material regions with a
non-zero growth rate and is denoted as E (referring to epitaxial growth). The second
subset is the union of material regions with zero growth rate. In a typical simulation
this is the set of masks, and thus is referred to as mask M

TLi = E ∪M. (4.45)

The initial deposition top layer TLDepo
i is constructed as

TLDepo
i = (Ω \ TLi) ∪M, (4.46)

where Ω denotes the computational domain. Fig. 4.12a illustrates the conventional and
deposition top layer for a fin structure. While the conventional construction encom-
passes the Si fin and SiO2, TL

Depo
i is only wrapped around the Si fin. Additionally, the

orientation of level-set function is inverted, as indicated with arrows. The change of
orientation ensures that TLDepo

i and M are consistently orientated for growing TLDepo
i .

A consequence of the orientation flipping is that the growth distribution V (Cn) used for
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Figure 4.13: Time evolution of heteroepitaxial trench-filling with the deposition top layer. In contrast
to Fig. 4.11, the front propagates in a symmetry-preserving way with the expected growth
rate (distribution SEG), and thus demonstrates the capability of the deposition top layer
approach (t0 = 0 s, t1 = 2 s, t1 = 1 s, t2 = 2 s, t3 = 15 s, t4 = 50 s, and t5 = 67 s;
Δx = 0.0045 ➭m).
Reprinted with adaptions from Toifl et al., IEEE Access 8, 115406 [25] (2020).
c: 2020 Authors, licensed under the Creative Commons Attribution 4.0 License (https://
creativecommons.org/licenses/by/4.0/).

surface propagation also needs to be inverted V 
(Cn) = −V (Cn). At the end of the deposi-
tion step, the deposition top layer has the final geometry TLDepo

f . In order to transition
back to the conventional top layer, a conversion step is performed

TLf =


Ω \ TLDepo

f

�
∪ TLi, (4.47)

which is also based on aggregated union and complement operations. Fig. 4.12b visual-
izes the final topography and the associated layers.

The implementation of the deposition top layer is discussed in the next section,
where also its capability and suitability is analyzed.

4.3.2 Implementation and Analysis

The deposition top layer approach is an addition to the CA engine. As indicated in the
flowchart of Fig. 4.5, the conversion to the deposition top layer and the back conversion
are applied only in the case of selective deposition. The front propagation proceeds
with the Stencil Lax-Friedrichs scheme (4.36) in the same way as in the anisotropic wet
etching case. Thus, the only difference are two additional Boolean operation steps per
selective deposition process. In order to implement the conversion from the traditional
top layer to the deposition top layer, the entire material stack has to be considered.
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Data: DepositionPossible list DP,
multi-layer level-set list L,
level-set value at grid point φ
Result: Deposition top layer TLDepo

φu ← LARGE // φ of upper layer

φ ← LARGE
upperLayerIsDepoSubstrate ← false
N ← length (L)
if not all layers are deposition substrate then

for l ← N − 1 to 0 do
if DP(l) then

if not upperLayerIsDepoSubstrate then
φu ← MLφ(l)
upperLayerIsDepoSubstrate ← true

end

else
if upperLayerIsDepoSubstrate then

// See (4.46)

φ ← min (φ,max (φu,−L(l)))
end
upperLayerIsDepoSubstrate ← false

end

end

else
φ ← min (φ,L(0))

end

TLDepo ← −φ // Invert layer orientation
Algorithm 1: Algorithm to calculate the level-set value of the deposition top layer for a specific
grid point. DP stores which material regions Mk constitute a so-called deposition substrate, i.e.,
a material region where SEG can occur. LARGE refers to the upper limit of φ values, typically
determined by the width of the narrow band.

Deposition Top Layer Algorithm

An algorithm which constructs the mask subset based on the selectivity of deposition
process is presented in Algorithm 1. The term selectivity refers here to the capability
of a material region to have impinging species deposited. For example, in a SiGe SEG
process, epitaxial SiGe is grown on top of Si, but not on top of SiO2. In this case the
material region associated with SiGe is a deposition substrate in the nomenclature of
Algorithm 1, while SiO2 is not. Therewith, the entire material stack is characterized
with a list DP (DepositionPossible) storing whether Mk is a deposition substrate. The
back-conversion from TLDepo to TL is achieved by directly employing (4.47) with the
Boolean operations given in (4.43).

With the deposition top layer, the inaccuracies in multi-material simulations are
resolved, as demonstrated in Fig. 4.13. The initial deposition top layer TLDepo

i is a
horizontal line in this case and is indicated with a white dashed line. Most importantly,
TLDepo

i does not enforce a concave surface, on the emerging SiGe region. The SiGe film,
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Figure 4.14: 3D simulation configuration to asses the CA engine for SEG. (a) Initial fin structure
(length 10 nm, width 80 nm, and height 35 nm). (b) SiGe is heteroepitaxially grown on Si
which results in the formation of {1 1 1} facets. All distances are given in ➭m.
Reprinted with adaptions from Toifl et al., IEEE Access 8, 115406 [25] (2020).
c: 2020 Authors, licensed under the Creative Commons Attribution 4.0 License (https://
creativecommons.org/licenses/by/4.0/).

as described by the deposition top layer, is propagated correctly and the symmetry of
the initial SiO2 trench is respected.

Analysis

In the following, the CA engine for SEG, which is comprised of the deposition top
layer and Stencil-Lax-Friedrichs scheme, is assessed by considering the 3D structure in
Fig. 4.14a, which consists of a cuboidal Si fin surrounded by a SiO2 film. During SEG
a large SiGe crystal is formed with characteristic {1 1 1} facets (Fig. 4.14b). Similar to
the 2D anisotropic wet etching configuration discussed in Section 4.2.2, ideal distances
can be expressed in terms of R1 1 1 and thus employed as a benchmark for assessing the
quality of simulation results achieved with the CA engine. The lateral distance is given
by

didealL =
1

sin ρ
R1 1 1 t ≈ 1.22R1 1 1 t, (4.48)

where ρ = arctan
√
2 ≈ 54.74◦. The ideal overgrowth height didealOG can be expressed in

terms of didealL and the fin length dFin

didealOG =
�
dFin/2 + didealL

�
tan ρ. (4.49)

These relations are valid if the growth function V (Cn) has its global minimum at
�1 1 1� directions and as soon as all {1 1 1} have fully emerged. Fig. 4.15 shows two
slices of the 3D growth simulation at different process times: One perpendicular to
the Si fin (Fig. 4.15a) and one along the fin (Fig. 4.15b). In the early stages of the
growth, {1 1 1} are gradually dominating the topography until they are fully emerged at
t = t4. Subsequently, the lateral growth occurs with rate of approximately 1.22R1 1 1.
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Table 4.3: Simulated and ideal angles and distances, as indicated in Fig. 4.15, for a 10 s heteroepitaxy
simulation employing SEG growth rates. The ideal angles are calculated from angles be-
tween the ideal {1 1 1} and {1 0 0} planes, while ideal distances are calculated using (4.48)
and (4.49).
Reprinted with permission from Toifl et al., IEEE Access 8, 115406 [25] (2020).
c: 2020 Authors, licensed under the Creative Commons Attribution 4.0 License (https://
creativecommons.org/licenses/by/4.0/).

Angles (◦) Distances (➭m)

α β γ η dL dOG

Ideal 109.5 70.53 125.3 54.74 0.0102 0.0215

Simulated 109.5 70.53 125.3 54.73 0.010 0.020
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Figure 4.15: Time evolution of heteroepitaxial growth, as illustrated in three dimensions in Fig. 4.14,
with growth distribution SEG (Tab. 4.1). Slices of the 3D topography (a) perpendicular to
the fin and (b) along the fin and depicted for a resolution of Δx = 6× 10−4

➭m (t1 = 1 s,
t2 = 2 s, t3 = 3 s, t4 = 5 s, and t5 = 10 s). The angles indicated with α, β, γ, and δ are
compared with the ideal values in Tab. 4.3.
Reprinted with adaptions from Toifl et al., IEEE Access 8, 115406 [25] (2020).
c: 2020 Authors, licensed under the Creative Commons Attribution 4.0 License (https://
creativecommons.org/licenses/by/4.0/).

At t5 = 10 s the simulated lateral distance dL = 0.01 ➭m, yielding a relative spatial error
of ΔdL = 0.344. The simulated overgrowth height dOG is 0.021➭m. Additionally, the
quality of the simulated planes is assessed by comparing the angles α, β, γ, and δ, as
illustrated in Fig. 4.15, with the angles between the ideal crystallographic facets. As
presented in Tab. 4.3, the results show high accuracy of the simulated facets.

4.4 Summary

The CA engine proposed in this thesis, enables stable and robust level-set method sim-
ulations of anisotropic wet etching and selective deposition. The underlying Stencil
Lax-Friedrichs discretization scheme originates from monotonicity considerations and
provides optimized front propagation for normal-dependent etch and growth models.
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This is achieved by constructing a first-order monotone scheme to discretized the level-
set equation which is of the Hamilton-Jacobi type. In particular, monotonicity criteria
are applied to determine stability-enabling time steps and dissipation coefficients of the
Lax-Friedrichs scheme. In contrast to previous studies [34], the developed scheme pre-
sented in this chapter does not require heuristic numerical factors, which significantly
facilitates the model development process. Although the implementation discussed in
this chapter is based on the sparse-field level-set method, is can also be directly incor-
porated into narrow-band based level-set frameworks by implementing (4.36).

Furthermore, the deposition top layer method, which is a multi level-set configura-
tion to enable robust selective epitaxy simulations, was proposed. The deposition top
layer method is based on Boolean operations and avoids the artificial introduction of
incorrect convexity, which is particularly detrimental in trench configurations.

In the following chapter, the CA engine is applied to simulate several wet etching
and SEG configurations. Furthermore, developed models are introduced for different
crystal symmetries and process conditions.
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5 Applications

In the previous chapter, the Stencil Lax-Friedrichs scheme and the deposition top layer
method were presented. These enable numerically stable level-set simulations of SEG
and anisotropic wet etching. In this chapter, these methods are employed to simulate
four representative fabrications processes which result in semiconductor structures with
complex non-planar topographies:

1. Anisotropic wet etching of sigma-cavities which are utilized to fabricate Si MOS-
FETs with embedded-SiGe (Section 5.1).

2. Selective epitaxy of SiGe in oxide trenches, resulting in SiGe fin structures (Sec-
tion 5.2).

3. 3D heteroepitaxy of 3C-SiC1 micro-pillars on Si substrates, which is employed to
fabricate suspended 3C-SiC substrates (Section 5.3).

4. Anisotropic wet etching of sapphire which is utilized for topographical patterning
of sapphire substrates and allows for improved GaN-based LEDs (Section 5.4).

In all of these processes characteristic crystal facets emerge, giving rise to complex
2D and 3D topographies. The exact shape of these topographies significantly impact
the respective final device, which motivates a continuum modeling approach. While
the processes involving Si and SiGe result in the common {1 0 0}, {1 1 1}, and {3 1 1}
facets encountered in the previous chapters, the 3C-SiC micro-pillars and the sapphire
substrates display a broader range of crystal facets. This is due to the tetrahedral crystal
symmetry of 3C-SiC and trigonal symmetry of sapphire, respectively, which is in contrast
to the octahedral symmetry associated with Si and SiGe. Furthermore, experimental
studies have been performed in the literature for all four process applications. Hence,
experimentally characterized topography profiles are available and enable the evaluation
of the simulation approach.

In order to simulate the topography evolution with the level-set method, physics-
based models expressed with a velocity function V , are required. The four processes
discussed in this chapter have orientation-dependent growth/etch rates, which imply a
velocity function that solely depends on the direction of the local surface normal Cn.
Hence, each process is associated with a velocity function V (Cn). Usually only a limited
number of rates is known from experiments. However, since a continuous V (Cn) is required
for the level-set method, growth/etch rates have to be provided for every possible surface
normal Cn. Thus, an interpolation scheme is necessary. However, the interpolation must
respect the crystal symmetry. In the case of octahedral symmetry associated with Si

13C-SiC is a cubic polytype of silicon carbide (SiC), i.e., a form of SiC, which crystallizes in the
Zincblende structure [40].
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and SiGe, an interpolation method proposed by Hubbard [145] has been established
as the standard procedure [99]. However, Hubbard interpolation cannot be applied for
tetrahedral and trigonal symmetry. Hence, alternative techniques are required, which
motivates the introduction of a generalized symmetry-respecting interpolation approach
in this chapter (Section 5.3.1).

The individual processes presented here are part of a process sequence to fabricate
a specific device. In order to focus on SEG and anisotropic wet etching steps, all other
steps, such as dry etching, are not modeled with physics-based models. Instead, geo-
metric process emulation is employed: The topography resulting from these fabrication
processes are replicated, using purely geometric surface propagation, i.e., ideal profile
evolution based on geometric quantities (e.g., film thickness). This approach allows to
produce the exact initial topography for the subsequent SEG or anisotropic wet etch-
ing step. Hence, the assessment of the capability of the level-set continuum models for
the four anisotropic processes is enabled. In all cases, the simulation results are com-
pared with experimental observations, which allows for verification of the simulation
methodology.

In this chapter, the continuum modeling of the four processes given at the outset is
presented. The discussion proceeds in the following structure: First, the respective pro-
cess application is introduced and the significance of the SEG or anisotropic wet etching
process for the final device is discussed. Second, the modeling and interpolation methods
are presented. Third, the resulting level-set continuum model is applied to simulate the
process step and compare the simulation results with experimental observations from
the literature.

5.1 Sigma-Cavity for Embedded-SiGe MOSFETs

Anisotropic wet etching is widely associated with processing of structures in the mi-
crometer scale (MEMS). However, there are also applications on the nanoscale. One of
them is the technology of embedded silicon germanium (eSiGe), present in source/drain
(S/D) engineering of Si MOSFETs. The anisotropic etchant TMAH is typically employed
to produce sigma-cavities with precise geometric requirements, which are subsequently
filled with eSiGe [146]. Fig. 5.1 illustrates the typical structure of a S/D engineered
planar p-channel MOSFET. In order to fabricate sigma-cavities, a combination of dry
and anisotropic wet etching is employed. A RIE process produces the initial profile for a
subsequent anisotropic wet etching step with TMAH. Due to the slowly etching {1 1 1}
planes, the final etch profile consists of sharp corners defined by these planes at specific
positions relative to the channel (sigma-cavity tip). The position of the sharp corners is
an essential design consideration, which is expressed in terms of the design parameters
tip depth and channel-cavity distance. These parameters have a significant impact on
the exact magnitude of compressive stress in the channel induced by the subsequently
grown eSiGe [147]. Compressive stress improves the carrier mobility and thus allows to
realize higher drain currents in the final MOSFET for a given gate voltage [148].

In this section, the sigma-cavity etching for sub-28 nm source/drain (S/D) engi-
neered p-channel MOSFET, as experimentally demonstrated by Qin et al. [147], is con-
sidered. A model for the etch rate distribution function V (Cn) is constructed.
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Figure 5.1: Illustration of a source/drain engineered Si MOSFET featuring a sigma cavity after etching
as well as eSiGe and spacer deposition. The sigma cavity is formed by {1 1 1} facets and the
position of the sigma tip is essential for the compressive stress applied on the channel.

On that account, an interpolation scheme which reflects the symmetry of the etch
anisotropy is discussed. The calibrated model is then used to simulate the etch pro-
file evolution and the results are compared with experimental profiles obtained from
scanning electron microscopy (SEM).

5.1.1 Hubbard Interpolation for Octahedral Symmetry

When etching Si with TMAH, the essential crystal facets observed in experiments are
{1 0 0}, {1 1 0}, and {1 1 1}, as discussed in Section 3.1. The associated etch rates
are typically available with high accuracy and appropriately characterize the etch rate
anisotropy V (Cn) (which is justified by the reaction-limited nature of anisotropic wet
etching, as discussed in Section 3.2.2). In order to employ V (Cn) in the level-set method,
an etch rate must be available for every possible direction on the unit sphere

U = {Cn ∈ Rd : 4Cn4 = 1}, d ∈ {2, 3}. (5.1)

Hence, an interpolation scheme to determine the entire distribution from the characteris-
tic etch rates is required. The standard approach is an interpolation method introduced
by Hubbard [145] (Hubbard interpolation). Si is a highly symmetrical crystal with the
associated octahedral crystallographic point group (Schoenflies notation Oh). A crystal-
lographic point group characterizes the set of symmetry operations that leave the crystal
structure unchanged [41]. Octahedral symmetry involves 48 symmetry operations, which
provides the possibility to only consider a subset of the unit sphere Q ⊂ U and still have
a complete picture of the etch anisotropy. Q is 1/16-th of the unit sphere in the tradi-
tional Hubbard interpolation, as shown in Fig. 5.2. Interpolation between experimental
etch rates {1 0 0}, {1 1 0}, {1 1 1}, and (if desired) {3 1 1} is performed on Q by apply-
ing trilinear interpolation between the nearest supporting values. With the help of the
symmetry operations the interpolated values on Q are associated with the entire unit
sphere U and thus a fully-defined V (Cn) is constructed.
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(a) (b)

Figure 5.2: Visualization of the interpolation triangles in the Hubbard interpolation method. Due to
the octahedral symmetry of Si the unit sphere is reduced to 1/16 of the sphere. (a) Three-
rate interpolation setup ({1 0 0}, {1 1 0}, {1 1 1}). A general surface normal vector yn is
first mapped to the crystallographically equivalent ynQ. Depending on the orientation, the
interpolation supporting values of the respective triangle are used to calculate V (ynQ) with
trilinear interpolation. (b) Four-rate interpolation setup including {3 1 1}.

As pointed out in Section 3.2.2, for some applications high-index crystal facets are
particularly important and thus desired to be well-resolved in simulations. The Hubbard
interpolation can be extended by incorporating more crystal directions, which can be
achieved by including more triangles in the partitioning of Q. With more experimen-
tal rates, high-order interpolation schemes and multiple options for triangulation are
available. The optimal triangulation and interpolation technique depends on the Miller
indices of experimentally available directions and associated etch rates, as shown in a
study by Gosálvez et al. [99]. However, for many applications involving anisotropic wet
etching of Si trilinear Hubbard interpolation is sufficient.

Due to the high symmetry of Si, the Hubbard interpolation approach can also
be expressed as an analytical function with case differentiation [33], [118]. Analytical
functions are straightforwardly implemented in a level-set tool and thus enable efficient
evaluation of V (Cn) during surface propagation. However, it is important to note that
the ability to find analytic expressions is facilitated by the extraordinary high symmetry
of the Si crystal. In less symmetric crystals, more general schemes are required, which
is further discussed in Section 5.3.1 and Section 5.4.1.

5.1.2 Modeling and Results

The anisotropic wet etch step in the sigma-cavity process, as presented by Qin et al. [147],
is performed with a TMAH solution of 2.38wt% at 40 ◦C. The etch process is stopped
after 30 s. The etching anisotropy of Si with the TMAH is modeled using three-rate
Hubbard interpolation. The interpolation supporting values are R1 0 0, R1 1 0, and R1 1 1.
R1 0 0 = 30 nm/min has been measured by Qin et al. and R1 1 1 = 0.5 nm/min can be
directly deduced from the published SEM images. Furthermore, R1 1 0 = 24 nm/min is a
calibration parameter which is chosen in accordance with similar TMAH solutions from
the literature [100], [101]. The resulting interpolated etch distribution V (Cn) is depicted
in Fig. 5.3, where a 3D plot and a heatmap of a stereographic projection plot are used to
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Figure 5.3: Etch rate distribution of the anisotropic wet etchant TMAH, as employed for the sigma
cavity wet etch [147]. (a) 3D visualization, where the surface is constructed from the
function yn ]→ V (yn) for all unit vectors yn. (b) Stereographic projection, as defined in (5.2).
Reprinted with permission from Toifl et al., Proc. Int. Conf. Simulation Semiconductor
Processes Devices (SISPAD) (2019), pp. 327-330 [149], c: 2019 IEEE.

visualize the spatial distribution. The stereographic projection is centered at the south
pole PS = (0, 0, −1) and maps points on the unit sphere (nx, ny, nz) onto a plane with

X =
2nx

1 + nz
, (5.2)

Y =
2ny

1 + nz
. (5.3)

Fig. 5.3b shows the projection for points with nz > 0 (northern hemisphere), which
results in a circular image. In particular, trilinear Hubbard interpolation between �1 0 0�,
�1 1 0�, and �1 1 1� is elegantly visualized in a stereographic projection.

The fabrication of the sigma-cavities is simulated using Silvaco’s Victory Process
simulator [140], [149], where the proposed CA engine (4.36) has been incorporated into a
narrow band level-set engine. Fig. 5.4a shows the time evolution of the simulation. First,
the gate stack and spacer geometry is emulated by geometric deposition techniques. In
order to focus on the investigation of the wet etching process, the topography induced by
a two-step RIE process is replicated by an ideal anisotropic and isotropic dry etching step
(Fig. 5.4b). Thus, it is ensured that the post-dry etch profile coincides exactly with the
experimentally observed reference. The subsequent anisotropic wet etching simulation
is performed with the stabilizing Stencil Lax-Friedrichs scheme.

During all calculations the level-set equation is discretized on a regular grid with
a spatial resolution Δx = Δy = 0.5 nm and the level-set narrow band is defined by
|φ| < 2.0. Fig. 5.4a illustrates the time evolution to the final etch profile. The initial
post-RIE profile and the wet etch profile after 10 s, 20 s, and 30 s, respectively, are shown.
During the etching process the characteristic {1 1 1} facets are formed and subsequently
define the etch profile. The design parameters tip depth D and channel-cavity distance δ
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(a) (b)

Figure 5.4: (a) Time evolution of the sigma cavity etch profile. Starting from a rounded dry etch profile,
the anisotropic wet etching produces {1 1 1} planes. (b) Comparison of the simulation results
with the experimental profiles characterized by Qin et al. [147]. The sigma tip position is
accurately resolved with the Stencil Lax-Friedrichs scheme (indicated as proposed scheme),
while the elementary scheme (4.19) results in an error of 1.6 nm in x-direction and 4.2 nm
in y-direction. The spatial resolution is Δx = 0.5 nm.
Reprinted with permission from Toifl et al., Proc. Int. Conf. Simulation Semiconductor
Processes Devices (SISPAD) (2019), pp. 327-330 [149], c: 2019 IEEE.

are depicted in Fig. 5.4b. The simulation results are compared with experimentally
obtained etch profiles presented by Qin et al. [147]. Most importantly, D, δ, and the
cavity depth are accurately reproduced by the simulation.

In order to assess the influence of the CA engine in practical applications, the
same process simulation steps are performed with the elementary dissipation coeffi-
cients (4.19). As shown in Fig. 5.4b, the elementary dissipation coefficients are insuffi-
cient to stabilize the front propagation. This results in artificially high undercut rate and
thus causes the prediction of incorrect sigma tip position. Compared to experimental
observations, the sigma tip position is displaced by 1.6 nm in x-direction and 4.2 nm in
y-direction, which is an unacceptable error given the spatial resolution Δx = 0.5 nm.
The Stencil Lax-Friedrichs scheme (4.36) proposed in this thesis, however, is capable of
reproducing the physical undercut and thus predicting the geometry of the sigma-shaped
cavity with high accuracy.

The sigma-cavity process demonstrates the capability of the stabilization scheme in
practical simulations of anisotropic wet etching processes. In the next section, the focus
is shifted to an application of Stencil Lax-Friedrichs scheme for SEG of SiGe.

5.2 Selective Epitaxy of SiGe

SEG of SiGe is employed in various fabrication processes. A typical growth process, as
employed to fabricate S/D engineered fin FETs, has already been shown in Fig. 1.5. In
this section a further application is discussed: Selective heteroepitaxy of SiGe fins in
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trench arrays. The main motivation to grow SiGe crystals on Si substrates is to enhance
carrier mobility in the transistor channel by means of introducing strain with SiGe
layers [150]. In particular, SiGe crystals are used as source/drain stressors to improve
hole mobility in p-type FETs [24]. The strain is induced by the hetero-interface between
the SiGe film and Si substrate, as indicated in (2.6). Here, SiGe refers to the set of alloys
Si1−xGex, where the fraction of Ge (x) depends on the growth conditions. However, as
discussed in Section 2.1.5, the lattice mismatch at the hetero-interface results in defects
which degrade device performance. One approach to decrease defect density in the
epitaxial layer is aspect ratio trapping. In narrow oxide trenches defects are trapped at
oxide sidewalls [151], which motivates the usage of trench structures.

The topography of selectively grown SiGe layers plays an important role for the
global strain distribution in the epitaxial layer and also for parasitic capacitances and
resistances in the final device. Thus, it is important to account for the geometric shapes
formed by the characteristic facets ({1 0 0}, {1 1 0}, {1 1 1}, and {3 1 1}). Since typical
SEG processes proceed close to stationary kinetic growth (Section 2.1.4), the CA engine
can be employed with growth distributions V (Cn).

In an experimental setup presented by Jang et al. [52] epitaxial SiGe fins with
high crystal quality are selectively grown. This is achieved by first thermally oxidizing
Si (0 0 1) substrates, which are subsequently patterned with dry etching to fabricate
trenches aligned along

�
1 1 0

�
. Due to the non-zero dry etch rate of Si, also grooves in

the substrate are formed. Epitaxy is performed in an ultra-high vacuum CVD reac-
tor (pressure p = 6.7× 10−6 Pa) at 575 ◦C. Fig. 5.5 shows a visualization of the final
topography. The SEG process is based on a cyclic procedure (see also Section 2.1.5).
After initial isotropic etching with diluted hydrofluoric acid to remove native SiO2, the
following processes are repeated:

• 15 s deposition from flowing source gas Si2H6 and GeH4. The flow rate of Si2H6

is fixed with 20 sccm (cubic centimeters per minute under standard conditions
for temperature and pressure), while the rate of GeH4 depends on desired Ge
composition x and is in the range from 50 sscm to 200 sscm.

• 12 s etch with Cl2, where nucleated Si1−xGex on SiO2 is removed.

Jang et al. [52] published plain wafer deposition rates and SEM and high-resolution
transmission electron microscopy (TEM) images for several alloys. These measurements
provide the reference for the modeling approach.

Modeling and Results

In order to model the SEG process, the cyclic process is abstracted to a continuous
epitaxy process that is perfectly selective, i.e., the deposition rate on oxide regions is
0. In the experimental study [52], deposition rates have been measured for {1 0 0},
{1 1 1}, and {3 1 1} facets. Since it is a cyclic process the rates have been reported in
units of nm/cycle. These rates are used as supporting values for the four-rate Hubbard
interpolation of the deposition rate distribution V (Cn) (cf. Section 5.1.1) and are given
in Tab. 5.1. The CA engine proposed in this thesis (and implemented in Silvaco Victory
Process) is employed to simulate the epitaxial growth. In particular, the deposition top
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Figure 5.5: 3D illustration of the experimental setup presented by Jang et al. [52]. SiGe fins are epitaxial
grown with ideal growth rate selectivity, which results in a zero net growth rate on the SiO2

sidewalls.

layer is enabled and a regular Cartesian grid with Δx = 0.002 ➭m is used. The initial
dry-etching step is emulated with geometric process steps, in order to realize the exact
experimental shape of the initial SiO2 sidewalls and Si grooves.

The simulation results are compared with cross-sectional TEM images presented
for SiGe alloys Si0.64Ge0.36 and Si0.45Ge0.55 [52]. For both alloys the time evolution of
the epitaxial growth is illustrated by three TEM images representing the SiGe crystal at
certain heights h. The corresponding cross-sectional profiles are referred to as P1, P2, and
P3 in the following. Fig. 5.6a and Fig. 5.6b show the comparison of the simulation results
with the experiments. Since the rates are given in units of nm/cycle, the time variable
is given by the number of deposition and subsequent Cl2 etch cycles. The experimental
TEM images with SiGe crystals at height h correspond to a certain number of cycles as
indicated in Tab. 5.1.

Caused by the relative difference in net deposition rates, the alloys Si0.64Ge0.36 and
Si0.45Ge0.55 show different topography evolutions. As shown in Fig. 5.6b, {1 1 1} facets
dominate the growth as soon as the small cavity is completely filled. Similar to the wet
etching case in Section 5.1, the rates associated with {1 1 1} are global minima of V (Cn).
Even though this is also the case for higher Ge concentration, the apparent difference is
the appearance of {3 1 1} facets. This can be explained with the rate ratio R111/R311,
which is 0.286 (0.516) for Si0.64Ge0.34 (Si0.45Ge0.55). Since the ratio is larger for the higher
Ge concentration, the growth proceeds longer before {1 1 1} dominates the topography.
Furthermore, deviations from the experimental results can be observed in the early stages
(P1) of Si0.45Ge0.55 growth. These can be attributed to the assumption of negligible
surface diffusion which is inherent in a V (Cn) model (cf. Section 2.1). Nevertheless, the
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Table 5.1: Simulation parameters employed for the SEG in trench arrays. The growth rates R1 0 0,
R3 1 1, and R1 1 1 have been adopted from the presented measurements [52]. The number of
deposition cycles Pi indicate how many SEG cycles are required to achieve the topographies
which have been provided with TEM images (the respective profiles are given in Fig. 5.6).

Rates [nm/cycle]
Number of deposition

cycles for profile P

Ge [%] R1 0 0 R1 1 0 R3 1 1 R1 1 1 P1 P2 P3

36 5 3 3.5 1 8 33 55

55 13 5 3.1 1.6 5 24 47

(a) (b)

Figure 5.6: Comparison of simulation and experimental results for the SEG of SiGe in trench arrays.
The alloy composition is (a) Si0.64Ge0.36 and (b) Si0.45Ge0.55.

excellent agreement of simulation and experimental results demonstrates the robustness,
stability, and capability of CA engine based continuum modeling of SEG.

In the following section the 3D heteroepitaxy of 3C-SiC on Si substrates is discussed,
which is characterized by emerging crystal facets with tetrahedral symmetry.

5.3 Heteroepitaxy of 3C-SiC on Si(111) Micro-Pillars

Aside from SEG, the level-set method can also be applied to simulate heteroepitaxy in
growth conditions which are far from thermal equilibrium. As discussed in Section 2.2.5,
a model of kinetic crystal growth can be successfully employed to capture the essentials
of the growth evolution in certain configurations. In this section, the heteroepitaxy
of 3C-SiC on pre-patterned Si micro-pillars is considered. This fabrication process is
motivated by the idea of using 3C-SiC as substrate for SiC-based power devices in
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Figure 5.7: Schematic illustration of the hexagonal array of Si pillars during the early stages of 3C-SiC
heteroepitaxy. Distances are given in ➭m.

the voltage rage from 600V to 1200V 2. In general, SiC substrates are comparatively
expensive to fabricate. Potentially cheaper substrates can be fabricated by growing 3C-
SiC on industry-standard Si substrates. However, it is difficult to achieve thick 3C-SiC
layers with high crystalline quality (i.e., monocrystalline and low defect density). Direct
deposition on Si wafers is only feasible for thin layers, because of the large misfit between
the lattice parameters and thermal expansion coefficients. As a result, stacking faults
and wafer bowing are caused [152]. One possibility to improve the film quality is to
grow a 3C-SiC film in a suspended way on top of micrometer-sized Si pillars. In such a
configuration, strain can be (plastically) relieved by pillar tilting and rotation [153]. As
the growth continues, individual 3C-SiC crystals ultimately coalesce and form a high-
quality suspended 3C-SiC substrate.

In a process presented by Kreilinger et al. [154], a Si(1 1 1) substrate is patterned
with deep reactive ion etching (DRIE) to fabricate arrays of Si pillars. Si (1 1 1) sub-
strates are used, because the similar lattice structure allows for the best possible defect
reduction. The Si-pillars are arranged in a hexagonal pattern which is illustrated in
Fig. 5.7. Subsequently, 3C-SiC is epitaxially grown in a horizontal CVD reactor in the
low-pressure regime (100mbar) at 1370 ◦C. The precursors are C2H4 and trichlorosilane.
This process has been considered in a simulation study [83], where a Cahn Taylor phase-
field model (Section 2.2.5) has been employed. In the following, an alternative approach
using the level-set method with a growth distribution V (Cn) is demonstrated.

24H-SiC-based devices typically target higher voltage ranges [40].
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Figure 5.8: Visualization of the crystal symmetry operations associated with the point groups encoun-
tered in this thesis (octahedral Oh, tetrahedral Td, and ditrigonal scalenohedral symme-
try D3d). The operations involve rotation and rotation-reflections and are displayed in
stereographic projection [41], [156].

In order to appropriately construct V (Cn), it is important to ensure that the sym-
metry of 3C-SiC is respected. Contrary to the octahedral symmetry of Si, the crystal
facets observed during epitaxial growth of 3C-SiC reflect the Zincblende structure of
the crystal [155]. For instance,

�
1 1 1

�
facets do not grow with the same etch rate as

[1 1 1], a fact which is often expresses by the distinction of Si {1 1 1} (Si-terminated) and
C {1 1 1} (C-terminated) facets [83]. As a consequence, Hubbard interpolation cannot be
employed to construct V (Cn). A more general approach to account for crystal symmetry
is presented in the next section and applied to the case of 3C-SiC.

5.3.1 Growth Rates in Tetrahedral Symmetry

The ideas of Hubbard interpolation, as presented in Section 5.1.1, can be generalized to
enable interpolation of growth rates in non-octahedral symmetry. Every crystal sym-
metry is associated with a point group which defines the set of symmetry operations
that map a crystal direction Cn to another crystallographically equivalent direction Cn
.
Fig. 5.8 depicts a commonly used visualization of symmetry operations on the basis of
stereographic plots (cf. (5.2)). Three different point groups are shown and designated
in Schönflies notation [41], [156], which is a system to uniquely classify point groups.
As evident from the number of operations, the octahedral group has a higher degree of
symmetry than the tetrahedral group Td, which is the point group associated with the
Zincblende structure.

There is an important property associated with the set of symmetry operations.
For every point group, a special subset of the unit sphere QF ⊂ U exists, which is the
smallest subset that contains all crystallographically equivalent directions. QF is referred
to as fundamental domain and has the property of getting smaller with larger number of
symmetry operations. In order to construct V (Cn), it is sufficient to perform interpolation
only on QF. This can be practically achieved by mapping every direction Cn ∈ U to the
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Figure 5.9: Fundamental domain (red) of the tetrahedral Td point group and auxiliary spherical trian-
gles, which are used in the algorithm to reduce crystal directions to the fundamental domain
(Fig. 5.10).

respective direction in the fundamental domain CnF ⊂ QF, a process which is referred to
as reduction to the fundamental domain in the following. Since the entire QF can also be
subjected to symmetry operations, the location of QF is not unique. As a consequence, a
specific location can be suitably chosen to simplify the involved rotations and reflection
operations.

The construction of symmetry-respecting function V (Cn) is thus a three-step process:

1. Identify the point group associated with growth/etch anisotropy and choose one
instance of the fundamental domain QF.

2. Apply an algorithm which maps every input vector Cn to CnF ⊂ QF by only using
symmetry operations.

3. Perform interpolation on QF based on interpolation supporting values (i.e., char-
acteristic directions).

This procedure is generally applicable for every possible crystal symmetry. In special
cases, a subset of the unit Q ⊂ U which is larger that QF can be utilized to computation-
ally optimize certain sub steps. For instance, the computation of symmetry operations in
step 2 might be simpler on a larger subset, as it is the case in the Hubbard interpolation
method.

The fundamental domain QF of tetrahedral symmetry Td is illustrated in Fig. 5.9
with red color on the unit sphere. QF forms a spherical triangle with vertices

�
1 1 1

�
,

[1 1 1], and [0 0 1] and can be divided into two smaller spherical triangles with the addi-
tional vertex [1 0 1]. These are labeled A and B in Fig. 5.9. Furthermore, four additional
spherical triangles (gray edges) are shown and labeled with lower case letters (c, d, e,
and f). These are of importance in the algorithm to reduce a general input unit vector Cn
to QF.

The idea of this algorithm is, in a first step, to apply symmetry operations to
transport Cn to the large spherical triangle which is shown in Fig. 5.9 and has vertices
[0 0 1],

�
1 1 0

�
, and [1 1 0]. In a second step, all directions outside QF are subjected to

crystal operations depending on the spherical triangle (c, d, e, or f) they have been
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Figure 5.10: Flowchart of the algorithm to reduce the crystal direction yn (input) to the crystallograph-
ically equivalent direction residing in the fundamental domain ynF (output). The super-
script S refers to the vector representation in spherical coordinates with polar angle ϕ and
azimuthal angle θ. Rot(c2;π) denotes two-fold rotation about [1 0 0] and Rot(c3;

2π
3 ) indi-

cates three-fold rotation about [1 1 1]. Reflection in a plane is indicated as Ref(σi), where
σ0 = {1 1 0} and σ1 = {1 1 0}. Lowercase letters denote the auxiliary spherical triangles
visualized in Fig. 5.9.

transferred to. The algorithm is visualized in a flow chart in Fig. 5.10 and uses the
following symmetry operations:

• Two-fold rotation about [1 0 0], notated as Rot(c2; π).

• Three-fold rotation about [1 1 1], notated as Rot(c3;
2π
3
). Can also be applied two

times in succession, then notated as Rot(c3;
4π
3
).

• Reflection in a plane, notated as Ref(σi) with σ0 = {1 1 0}, σ1 = {1 1 0}.

Interpolation on QF is performed with supporting values for
�
1 1 1

�
, [1 1 1], and [0 0 1].

Depending on the location of CnF, i.e., CnF ∈ A or CnF ∈ B, the respective vertices are
used. The interpolation on spherical triangles with vertices Cvj, j ∈ {1, 2, 3} is based on
spherical barycentric coordinates, which are given by [157]

Cbi(CnF;Cv1, Cv2, Cv3) =
( CK1)

i

( CK2)i
, i ∈ {1, 2, 3} (5.4)
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with

CK1 = [CnF · (Cv2 × Cv3), CnF · (Cv3 × Cv1), CnF · (Cv1 × Cv2)]
� , (5.5)

CK2 = [Cv1 · (Cv2 × Cv3), Cv2 · (Cv3 × Cv1), Cv3 · (Cv1 × Cv2)]
� , (5.6)

where the superscript i refers to the i-th component of a vector and � indicates the
matrix transpose. Cvj, j ∈ {1, 2, 3} span the spherical triangle (interpolation anchors),
· denotes the scalar product, and × refers to the cross product. The interpolated growth
rate is calculated with

V (CnF) =

�3
i=1 b

iR(vi)�3
j=1 b

j
, (5.7)

where R(vi) is the interpolation supporting value associated with vertex vi. A symmetry-
respecting interpolation approach provides the foundation for modeling the heteroepi-
taxial growth of 3C-SiC with the level-set method, which is presented in the following
section.

5.3.2 Modeling and Results

In order to simulate the growth of 3C-SiC crystals on Si micro-pillars, one single pillar
of the array as formed by DRIE is considered. Similar to the procedure described in
the previous sections, Silvaco Victory Process is employed to emulate the DRIE step
to produce pillars with a hexagonal base. The heteroepitaxial growth of 3C-SiC is
modeled using the developed CA engine. The growth rate is modeled as the product of
a crystal direction-dependent rate VC(Cn) and the total incoming material flux F . VC is
constructed with the interpolation procedure presented in the previous section rates,
where the tetrahedral symmetry of 3C-SiC is incorporated. The interpolation anchors
are �1 0 0�, �1 1 0�, �1 1 1�, and �1 1 1�.

The general approach to model F is to employ flux calculation methods which are
based on visibility or ray-tracing calculations [158]. These enable the consideration of
shading or particle reflection at topography features. However, these techniques pose
specific challenges in a level-set simulation, which are not within the scope of this thesis.
Hence, F is constructed with a simple analytical flux model. The main idea is to employ
a simple approach to capture the essential topography features during epitaxial growth.
More specifically, F is the normalized flux inside the CVD reactor. It is a combination
of direct flux FD and diffusive flux FhT

F = B · FD + (1−B) · FhT, (5.8)

where the factor B is related to the sticking coefficient [39]. FD is modeled as a cosine
source distribution with respect to the [1 1 1] direction (=z-axis). The diffusive flux
divides the problem into two regions. The spatial separation originates from the adjacent
pillars, which are not directly considered. Above the plane z = z0, which is determined
by the horizontal cross-section of the 3C-SiC crystal with the maximal lateral dimensions,
the flux is constant. In order to define the flux in the region below, the steady-state
diffusive transport along the z-direction is calculated with a volumetric particle loss term
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Table 5.2: Model parameters for the heteroepitaxy of 3C-SiC on Si pillars obtained from calibration to
experimental data [83].

Thiele Modulus Directional Flux Component Crystal Growth Rates [➭mh−1]

hT B R1 0 0 R1 1 0 R1 1 1 R1 1 1

0.5 0.7 5.10 9.78 6.00 3.36

(a) (b)

Figure 5.11: (a) Simulation results for 60min growth time using the flux model (5.8) with parameters
given in Tab. 5.2 and a resolution of Δx = 0.05 ➭m. (b) Cross section of the 3C-SiC crystal,
showing the formation of the experimentally observed facets [83].

due to adsorption [39]. The resulting ordinary differential equation is

d2FhT

dz2
= h2

TFhT, (5.9)

involving the Thiele modulus hT. (5.9) is solved with boundary conditions FhT(z0) = 1
and FhT(z → ∞) = 0. The result is an exponentially decreasing contribution of the
diffusive flux, which corresponds to decreasing material flux arriving at lower parts of
the pillar.

The exponentially decreasing flux modulates the crystal growth rates for different
topography heights, which results in a model with six parameters, as summarized in
Tab. 5.2. The parameters are calibrated based on the experimental SEM images pre-
sented in Ref. [83]. The calibrated model is employed in the CA engine (4.36) using
Δx = 0.05 ➭m, where a stable 3D simulation of the growth process is achieved. The
resulting geometry is depicted in Fig. 5.11a and shows a characteristic shape. In the up-
per regions the crystal facets (0 0 1), (1 1 1),

�
1 1 1

�
, and

�
1 1 1

�
are formed. In the lower

regions the exponentially decreasing diffusive flux results in a decreasing film thickness.
The experimentally observed shape and the simulated profile are compared in Fig. 5.11b,
where a cross-section is shown for 60min growth time.
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Figure 5.12: Resulting 3C-SiC crystals after 30min growth for several geometries of the initial Si pillar
(top view).

Additionally, the predicted topographies for 20min and 40min are shown. As can be
seen from the 60min comparison, the main crystal facets are well reproduced. However,
there is some deviation in the lower parts of the

�
1 1 1

�
facet. In the simulation this

facet is smaller in extension, because the diffusive region of the exponentially decreasing
3C-SiC film thickness is determined by the widest point, which is defined by edge formed
by (0 0 1) and

�
1 1 1

�
. The simulation domain below the vertical coordinate of this edge

is globally considered as diffusive region. Improvements of these deviations are expected
if a more sophisticated flux calculation, e.g., top-down ray-tracing is employed.

Once the growth model is calibrated, several initial Si pillar geometries can be in-
vestigated. Section 5.12 presents the resulting facets for cyclic, triangular, and square
base area after 30min growth time. On the one hand, these results show the complexity
of possible topographies. On the other hand, a relatively high resolution (Δx = 0.05 ➭m)
is required to achieve high quality shapes in regions where multiple facets coincide. In
particular in three dimensions, it is possible that three or more facets coincide and thus
form complex structures. Inherent rounding of corners is always present in the level-
set method, even though in this case the developed CA engine minimizes additional
numerical dissipation (cf. Fig. 4.9). Thus, in regions of high geometric complexity, a
high grid resolution is needed. At the same time there are also effectively flat regions,
where a significantly smaller number of grid points is sufficient to resolve the topogra-
phy. A possible improvement is discretization with adaptive resolution, where regions
of high curvature are highly-resolved. Nevertheless, the 3C-SiC heteroepitaxy applica-
tions demonstrate that the devised crystal symmetry-respecting interpolation scheme
is well-suited to construct a growth rate model which allows for good agreement with
experimental observations.

The heteroepitaxy application presented in this section demonstrates that complex
3D topographies can emerge during an anisotropic process and are properly described by
developed CA engine. An application that specifically takes advantage of complex 3D
topographies is the anisotropic wet etching of sapphire, which is employed to improve
LEDs and is presented in the following section.
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5.4 Anisotropic Wet Etching of Patterned Sapphire
Substrates

Anisotropic wet etching of sapphire substrate is a fabrication process which results in
particularly complex topographies. Sapphire substrates are commonly employed in the
field of LEDs. In order to fabricate GaN-based blue-light LEDs, high-quality GaN films
are essential. Ground breaking advancements in metalorganic vapor phase epitaxy and
buffer technology initiated the breakthrough of blue-light LEDs [159]. These advance-
ments subsequently enabled high-quality GaN films grown on sapphire substrates and
emerged to a mature technology for a variety of applications in recent years [160]. One
example is the silicon-on-sapphire technology platform, which enables integrated waveg-
uides [161] and sensor applications [162]. The topography of sapphire substrates plays
an important role for performance of GaN-based LEDs. A patterned sapphire substrate
(PSS) provides multiple advantages. In terms of crystal quality, techniques like lateral
epitaxial overgrowth reduce the number of threading dislocations and defect in GaN
films. The performance of the ultimate LED is also enhanced by improving the light
extraction efficiency (LEE) with non-planar sapphire-GaN interfaces [163]. This topo-
graphical aspect is important for the design of GaN-based LEDs and is discussed in
depth in Section 6.2.

PSSs are fabricated in a multi-step process which is illustrated in Fig. 5.13. The
initially planar substrates are typically first etched with inductively coupled plasma RIE.
A subsequent photoresist reflow process during hard-bake [160], [164], [165] allows for
the patterning of different geometries: Cones, cylinders, hemispheres [166], and pyra-
mids [167] have been presented. In all cases, periodic patterns with specific net surface
coverage (measuring the fraction of the wafer filled with patterns) are produced. Surface
coverage typically does not exceed the threshold of around 70%, because nucleation sites
on flat parts of the wafer need to be present to enable high-quality epitaxy [160]. The
patterned arrays can be further processed using anisotropic wet etching techniques [168].
The most commonly utilized anisotropic wet etchants for single-crystal sapphire are mix-
tures of H2SO4 and H3PO4 [105], [106], [169]–[171]. Alternatively, recent research also
investigates KOH [172]. The resulting etch profiles exhibit complex topographies, due
to the trigonal symmetry of sapphire. Moreover, the observed characteristic crystal
facets have high Miller-Bravais indices suggesting an intricate etch anisotropy. Due to
the strong impact on the LEE of the final LED, precise control over the resulting 3D
topography is essential. Thus, geometry-focused modeling and simulation approaches
facilitate the optimization of the wet etching step with respect to etch time, temperature,
and etchant mixture. In particular, a continuum level-set based description of the wet
etching process is well-suited to satisfy the needs of engineering-focused process TCAD
workflows [25], [121], [122].

The etch profile evolution with the emerging crystal facets has been experimentally
characterized by many research groups [105], [171], [173]–[176]. However, the etch rate
anisotropy of single-crystal sapphire is still being investigated. Most importantly, etch
rate anisotropy of sapphire has been confirmed to be significantly more intricate than
typically observed with Si. Only a small number of etch rate/crystal direction pairs
have been identified and the reported pairs are not consistent throughout these studies.
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(III)(I) (II)

(IV) (V) (VI)

Sapphire

Photoresist Hardmask

Figure 5.13: Typical process flow to fabricate PSSs. (I) Deposition of hardmask (e.g., silicon nitride) and
photoresist. (II) Photoresist patterning and (III) reflow. (IV) Hardmask patterning with
RIE. (V) Sapphire patterning with RIE to produce cone-shaped PSSs. (VI) Anisotropic
wet etching of sapphire [160], [165].

Recent efforts to comprehensively characterize various etching solutions and tempera-
tures [106] have provided additional insights into the etching anisotropy of sapphire.

In general, there are two options to approach level-set models for anisotropic wet
etching of sapphire. One option is to perform elaborate experimental characterization
and incorporate a large number of etch rates into the model calibration process. Zhang et
al. [120] have employed hemisphere etching experiments to reveal a large number of
crystal directions and etch rates in order to construct a level-set model. The second
option is based on standard (sparse) characterization data from a limited set of SEM
images and AFM measurements. Given a small set of identified characteristic crystal
facets a specialized interpolation technique is required to reflect the intricate anisotropy
of sapphire.

In the following, the second option is discussed. After the construction of the
etch rate distribution V (Cn) is presented, the model calibrated is discussed. Finally, the
simulation results are compared with experimental results.

5.4.1 Etch Rates in Trigonal Symmetry

As discussed in Section 3.1, the foundation of the modeling approach is the kinetically
limited nature of anisotropic wet etching of sapphire. This has also been confirmed by
experimental studies [174]–[176]. Thus, an etch rate distribution V (Cn) can be defined and
employed for computing the etch profile evolution. Sapphire exhibits ditrigonal scaleno-
hedral symmetry in the trigonal system (point group D3d in Schönflies notation) [177],
[178] with the associated symmetry operations depicted in Fig. 5.8. In order to reflect
D3d symmetry, the procedure outlined in Section 5.3.1 is followed. The fundamental
domain QF is the spherical triangle illustrated in Fig. 5.14a [41]. The algorithm for
reducing a general direction Cn to QF is given in Fig. 5.14b. The crystal symmetry oper-
ations which are used are point inversion, 2π/3-rotation about the c-axis, and reflection
at the σ-plane which is spanned by

�
1 1 0 0

�
and [0 0 0 1]. After the reduction procedure

all directions on the unit sphere are mapped into QF. Thus, it is sufficient to perform
interpolation only on this subset of the sphere.
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Figure 5.14: (a) Important crystal directions and fundamental domain (red) of the point group D3d.
Crystal directions are indicated with C, L1, S1, S3, S4, S5, and S6 (following the nomencla-
ture of Ref. [174]) and constitute characteristic directions related to wet etching of sapphire.
The general direction ’a’ is reduced to the crystallographically equivalent direction ’b’ by
employing a series of D3d symmetry operations. (b) Flowchart of the algorithm to reduce
a general direction yn (input) to the equivalent direction ynF residing in the D3d fundamental
domain (output). The z-component of the Cartesian representation of yn is denoted with
nC
z and nS

ϕ indicates the polar angle of yn in spherical coordinates.
Reprinted with adaptions from Toifl et al., Semicond. Sci. and Technol. 36 (4),
p. 045016. [122] (2021). c: 2021 Authors, licensed under the Creative Commons Attri-
bution 4.0 License (https://creativecommons.org/licenses/by/4.0/).

While trilinear or spherical barycentric coordinates-based interpolation techniques
have been successfully employed in the previous sections, these approaches demand a
large set of known etch rates to account for the intricate etch anisotropy of sapphire.
In particular, multiple local minima and maxima are prevalent [106], as illustrated
in Fig. 5.15. The structure of the experimentally observed anisotropy motivates an
interpolation approach based on the parametrization

V (Cn) = V0 +
�
j

αj(Cn · Cmj)
ωjH(Cn · Cmj) . (5.10)

V0 denotes an isotropic distribution, extended by a sum of power cosine distributions.
These are centered around a given crystal direction Cmj. H refers to the Heaviside function
and · indicates the scalar product. With this parametrization, spatially confined extrema
are determined by the coefficients αj. The weighting factors ωj > 0 define the width of
maxima and minima. A similar parametrization has been proposed by Siem and Carter
[179] and has also more recently been employed in phase-field growth simulations [88],
[180]. The coefficients αj can be associated with the etch ratesRj by demanding V (Cmj) =
Rj, which results in a linear system of equations. With (5.10) the extrema can be resolved
even for a small number of known etch rate/crystal direction pairs. No triangulation
is required, and thus it is not necessary to include supplemental rates at the boundary
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Etch Rate [nm/min]

Figure 5.15: Illustration of an etch rate distribution constructed with the parametrization (5.10) and
model parameters to reflect the etchant solution H2SO4 : H3PO4 = 3 : 1 at 503K. Crystal
directions corresponding to the characteristic facets C, S1, etc. are shown.
Reprinted with permission from Toifl et al., Semicond. Sci. and Technol. 36 (4),
p. 045016. [122] (2021). c: 2021 Authors, licensed under the Creative Commons Attri-
bution 4.0 License (https://creativecommons.org/licenses/by/4.0/).

of the fundamental domain. This ensures that the fundamental domain is fully covered
with triangles.

To summarize, the parametrization (5.10) provides the capability to construct the
etch rate distribution if only a limited number of characterized crystal facets is available.
Hence, the engineering-focused modeling of sapphire wet etching is enabled, which is
discussed in the following section.

5.4.2 Modeling and Results

In the following, the experimental setup to anisotropically etch sapphire, as presented
in a comprehensive study by Shen et al. [174]–[176], is considered. The experiments act
as reference for the presented level-set modeling approach and will be used to evaluate
the approach. First, the c-plane sapphire substrate was patterned to fabricate an array
of cones with hexagonal symmetry (3.2 ➭m pitch). The cones have a base diameter of
2.93 ➭m. Second, the array was etched with several mixtures of H2SO4 and H3PO4 at var-
ious temperatures. The etchant solutions are referred to as MX-Y, where X-Y indicates
a volume ratio of H2SO4 : H3PO4 = X : Y. The characterization of the topography was
performed with SEM and AFM. Furthermore, the crystal facets appearing during etch-
ing were identified by determining the Miller-Bravais indices. The topographical change
was documented for several etch times. Fig. 5.16 illustrates the topography evolution
for one of these experiments (originally published in [175]).

Basic Structure of the Etch Rate Distribution

Since the parametrization (5.10) incorporates directions associated with minimal and
maximal etch rates, the experimental observations can be utilized to deduce the structure
of the etch rate distribution V (Cn). As shown in Fig. 5.16, in a typical etch process
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Figure 5.16: SEM images of the topography of sapphire during wet etching with etchant mixture H2SO4 :
H3PO4 = 3 : 1 at 503K.
Reprinted from Shen et al., ECS J. Solid State Sci. Technol. 6 (9) (2017), R122-R130 [175].
c: 2017 Authors, licensed under the Creative Commons Attribution 4.0 License (https://
creativecommons.org/licenses/by/4.0/).

starting with initial conical shape a crystal facet S1
3 with very high etch rates first

emerges near the apex (a). A slower etching facet S3 can be observed after 8min at the
base. As etching proceeds, S3 replaces S1 (d). Furthermore, the facet S4 is emerging
at the top of the structure and is eventually dominating (f) before the entire initial
topography is entirely etched away. All experiments presented by Shen et al. show a
similar sequence of facets appearing at apex and base, until the c-plane wafer surface
becomes predominant again. For the subsequent discussions, the local convexity of the
topography is significant. Fig. 5.17 illustrates the cross-section of the experiment for
different etch times. The cone’s apex is locally a convex region, whereas the base forms
a concave region. As pointed out in Section 3.2.2, rapidly etching facets (fast planes)
dominate the topography evolution in convex regions, while slowly etching facets (slow
planes) define the geometry in concave regions. Hence, facets appearing in a convex
region are etched faster than all neighboring facets with similar Miller indices. Thus,
V (Cn) has necessarily a local maximum at the corresponding direction. Similarly, facets
appearing in concave region require V (Cn) to have local minima at the corresponding
directions Cn. In the present experiment, the etch rates of facets S1 and S4 constitute

3In order to facilitate the discussion in this thesis, the original nomenclature of Ref. [174] is used.
Hence, topographical regions of interest and crystal facets are identified as Si.
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Figure 5.17: Schematic etch profile evolution during anisotropic wet etching of conical initial topogra-
phy, which follows from the rule formulated by Batterman (cf. Section 3.2.2).
Reprinted with permission from Toifl et al., Semicond. Sci. and Technol. 36 (4),
p. 045016. [122] (2021). c: 2021 Authors, licensed under the Creative Commons Attri-
bution 4.0 License (https://creativecommons.org/licenses/by/4.0/).

local maxima, while facet S3 is a local minimum (see Fig. 5.15). The calibration process
of the etching model V (Cn) is facilitated by incorporation of this structural information.

Model Calibration

The practical construction of V (Cn) is based on the experimental characterization of the
crystal facets provided by Shen et al. [174]–[176]. Thus, the measured Miller-Bravais
indices (h k t l) are converted to the Cartesian representation of the facet normal vec-
tor [156]

Cn = hCa1 + kCa2 + (−h− k) Ca3 +
3

2

a2

c2
l Cc, |Ca{1,2,3}| = a, |Cc| = c, (5.11)

where the lattice constant ratio for sapphire c/a is assumed as 12.991 Å / 4.785 Å. Ca1, Ca2,
and Ca3 reside within the c-plane and Cc is perpendicular to the c-plane. These directions
constitute the basic framework for V (Cn). In order to fine-tune V (Cn), the model parame-
ters in (5.10) are calibrated with respect to AFM data and SEM images. Tab. 5.3 shows
all combinations of process temperatures and etchant mixtures (referred to as etching
experiments in the following) investigated in Ref. [174]. SEM images are available for
eleven etching experiments and one set of AFM profiles consisting of multiple etch times
for M3-1 at 503K. These experimental results are the reference for the subsequently dis-
cussed level-set set simulations and analyses conducted via Silvaco Victory Process [140],
where the developed CA engine (4.36) is employed with Δx = 0.01 ➭m. Since the focus
is on the wet etching step, the pre-patterning of the cones is emulated to perfectly match
the initial AFM profile (prior to the anisotropic wet etching step).

The model calibration target is to achieve the best possible visual congruence be-
tween simulated topography and SEM images for all available etch times. Furthermore,
the orientation of the local surface normals of the level-set topography are inspected,
confirming the emergence of correct crystal facets. Since the SEM images show the
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Table 5.3: Etch rate experiments conducted by Shen et al. [174]–[176], which are used as reference ex-
periments for the model parameter calibration. The symbol × indicates SEM images and
the symbol : denotes AFM profiles which characterize multiple etch times.
Reprinted with permission from Toifl et al., Semicond. Sci. and Technol. 36 (4),
p. 045016. [122] (2021). c: 2021 Authors, licensed under the Creative Commons Attribution
4.0 License (https://creativecommons.org/licenses/by/4.0/).

Temperature [K]

Etchant 473 503 523 543

M5-1 × × × ×
M3-1 ×�

M1-1 ×
M1-3 ×
M0-1 × × × ×

topography from a top view, the etch rate of the c-plane substrate cannot be unam-
biguously determined. Thus, the experimentally measured c-plane etch rates presented
in Ref. [175] are employed as a reference to ensure a correct etch rate of the c-plane
etches in the simulation.

First, the etching experiment with M3-1 at 503K is considered. In the experiments,
Shen et al. have characterized three crystal facets: S1 {1 1 0 5}, S3 {4 5 1 38}, S4 {1 1 0 12}.
Thus, V (Cn) needs to have a local minimum along S3 and local maxima along S1 and S4.
The experimental topography evolution (Fig. 5.16) shows the immediate formation of
S1, which implies that the etch rate of S1 (R1) is greater than or equal to the etch rate
of S4 (R4). Otherwise, S4 would emerge near the top of the cone. With these boundary
conditions, the model parameters are fine-tuned based on the congruence of SEM image
and simulation results. Tab. 5.4 shows the resulting parameters for the calibrated model.
The best congruence for the entire etch profile evolution is achieved by broadening the
maximum along S1. The broadening is essential for the formation of the subsequently
appearing facet S3. In an experimental study by Xing et al. [106] broadened maxima have
been reported for etchants M1-1 and M3-1 as well albeit at the slightly different etching
temperature of 509K. This confirms that broadening is an essential property which
needs to be incorporated into the modeling to properly predict the final topography.
The broadening is implemented by incorporating only one additional direction L1 which
corresponds to a {4 5 1 22} facet. The associated etch rate is set as RL1 = R1, which
keeps the number of model parameters at a minimum while still allowing for - as will be
shown - accurate simulation results.

Therewith, the broadened maximum is effectively created by the superposition of
two terms in the parametrization (5.10), corresponding to S1 and L1. Furthermore, a
direction corresponding to S5 {1 1 0 37} is included, which is a facet characterized by
Shen et al. for M5-1 experiments and ensures that the [0 0 0 1] (c-direction) constitutes a
local minimum. The inclusion of S5 is also consistent with the characterization presented
in [106].

The simulation results for etchant mixture M3-1 are compared with SEM images
in Fig. 5.18a. Solid congruence over the entire range of available etch times (4min to
28min) is demonstrated. The developed modeling approach is validated by considering
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Table 5.4: Model parameters for etchant mixtures M3-1, M1-1, and M1-3. The columns refer to the
directions which are employed in the parameterization (5.10) (including the isotropic com-
ponent V0).
Reprinted with permission from Toifl et al., Semicond. Sci. and Technol. 36 (4),
p. 045016. [122] (2021). c: 2021 Authors, licensed under the Creative Commons Attribution
4.0 License (https://creativecommons.org/licenses/by/4.0/).

M3-1 T = 503K Directions

C S1, L1 S3 S4 S5 V0

Weights ω 200 100 60 100 100

Etch Rates R [nm/min] 24 59 36 57 39 8

M1-1 T = 503K Directions

C S1, L1 S3 S4 S5 V0

Weights ω 200 100 60 100 100

Etch Rates R [nm/min] 18 60 37 52 36 7

M1-3 T = 503K Directions

C S1, L1 S3 S4 S5 V0

Weights ω 200 100 60 100 100

Etch Rates R [nm/min] 16 62 39 51.5 34 8

the 2D etch profiles of the PSS along
�
1 1 0 0

�
in Fig. 5.19. The simulated profiles closely

match the experimental AFM results, which indicates that the optimization of visual
congruence and incorporating the experimental values for RC indeed results in suitable
expressions for V (Cn). Thus, the calibration procedure can be repeated to construct
V (Cn) for etchant mixtures M1-1 and M1-3 at 503K. Tab. 5.4, Fig. 5.18b, and Fig. 5.18c
present the parameters and simulation results, respectively. Importantly, the resulting
models for M3-1, M1-1, and M1-3 have the same set of directions and the exact same
values for the weights ωj.

Temperature Dependence

Furthermore, Shen et al. have presented SEM images at several temperatures (473K,
503K, 523K, and 543K) for etchants M0-1 and M5-1. In the associated experiments
a structural difference between the H3PO4 solution (M0-1) and the mixture M5-1 has
been observed [176]. The former results in the formation of a facet S6 {1 1 0 8} instead
of S3. The latter exhibits a similar topography evolution as discussed before. S4 facets
have not been observed for any of the investigated temperatures in case of M0-1. Again,
the topography evolution argument can be applied to deduce that the corresponding R6

constitutes a local minimum of V (Cn), even though R6 is only slightly smaller than the
local maximum R4. Consequently, S6 is etched away before S4 evolves from the top of the
structure. Further fine-tuning results in high accuracy models, as shown in Fig. 5.20a
and Fig. 5.20b. The model parameters are presented in Tab. 5.5.
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(a)

(b) (c)

Figure 5.18: Comparison of SEM images (top) with simulation results (bottom) for various etch times
and etchant mixtures. (a) M3-1 at 503K, (b) M1-1 at 503K, (c) M1-3 at 503K.
Reprinted with permission from Toifl et al., Semicond. Sci. and Technol. 36 (4),
p. 045016. [122] (2021). c: 2021 Authors, licensed under the Creative Commons Attri-
bution 4.0 License (https://creativecommons.org/licenses/by/4.0/).

V (Cn) has been calibrated for four different temperatures. Thus, the temperature de-
pendence of the model etch rates Rj and the isotropic component V0 can be investigated.
Fig. 5.21 depicts the etch rate distributions and the etch rates in a semi-logarithmic Ar-
rhenius plot. Accurate results are achieved by using the same set of weights ωj for all
temperatures, which indicates a fundamental temperature-independent general form of
V (Cn). The etch rates distributions in Fig. 5.21a and Fig. 5.21c are shown along the
paths that are illustrated in the insets. While path Q exclusively follows the boundaries
of the fundamental domain, path P includes the direction S3 which is located offside the
boundary ϕ = 60◦. Furthermore, the M5-1 model is characterized by the same ωi as
the M3-1, M1-1, and M1-3 models. The resulting etch rates of M0-1 and M5-1 exhibit
a temperature dependence which is well-described by an Arrhenius law

R = A exp



− Ea

kBT

�
, (5.12)
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Figure 5.19: Comparison of AFM data [174] and simulation results for etchant M3-1 at 503K. On the
left half of the illustrated cone profile the crystal facets S1, S3, and S4 are observed, while
the right half outlines ridges of the topography where two crystallographically equivalent
topography zones coincide.
Reprinted with permission from Toifl et al., Semicond. Sci. and Technol. 36 (4),
p. 045016. [122] (2021). c: 2021 Authors, licensed under the Creative Commons Attri-
bution 4.0 License (https://creativecommons.org/licenses/by/4.0/).

Table 5.5: Calibrated model parameters for etchant mixtures M0-1 and M5-1. The columns refer to
the directions which are used in the parametrization (5.10) (including the isotropic compo-
nent V0). The etch rates follow an Arrhenius law (5.12) with parameters A and Ea.
Reprinted with permission from Toifl et al., Semicond. Sci. and Technol. 36 (4),
p. 045016. [122] (2021). c: 2021 Authors, licensed under the Creative Commons Attribution
4.0 License (https://creativecommons.org/licenses/by/4.0/).

M0-1 Directions

C S1 S4 S5 S6 V0

Weights ω 200 100 100 100 100

A [nm/min] 5.296× 1010 4.897× 1010 6.953× 1010 1.407× 1010 8.894× 1010 3.236× 1011

Ea [eV] 0.962 0.882 0.909 0.862 0.923 1.054

M5-1 Directions

C S1 S3 S4 S5 V0

Weights ω 200 100 60 100 100

A [nm/min] 1.667× 1011 7.551× 1011 5.378× 1011 6.444× 1011 9.042× 1011 5.444× 1012

Ea [eV] 0.974 1.018 1.021 1.011 1.039 1.152

where R is the etch rate (also including the isotropic component V0), A refers to a
pre-exponential coefficient, Ea denotes the activation energy in eV, kB is the Boltzmann
constant, and T refers to the etching temperature. The Arrhenius plots in Fig. 5.21b and
Fig. 5.21d, respectively, show that all Ri and V0 follow an Arrhenius law. By employing
standard Arrhenius fitting, the pre-exponential coefficients and activation energies are
determined and the resulting values are presented in Tab. 5.5.
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(a)

(b)

Figure 5.20: Comparison of SEM images (top) with simulation results (bottom) for different etch times
and etchant mixtures. (a) M0-1 at 503K and 543K, (b) M5-1 at 473K and 523K.
Reprinted with permission from Toifl et al., Semicond. Sci. and Technol. 36 (4),
p. 045016. [122] (2021). c: 2021 Authors, licensed under the Creative Commons Attri-
bution 4.0 License (https://creativecommons.org/licenses/by/4.0/).

Discussion of the Anisotropic Wet Etching Model

The etch rates of mixtures M0-1 and M5-1 display high activation energies Ea > 0.85 eV
in the temperature range from 473K to 543K, which is consistent with the assumption
of reaction-limited etching. Thus the modeling approach with a crystal orientation-
dependent etch rate distribution V (Cn) is justified. As shown in Fig. 5.21, for constant
temperatures the etch rate values associated with the defining crystal directions are all
in the same order of magnitude. Nevertheless, the etch rate distribution is complex,
due to the multiple local extrema. Moreover, the defining crystal directions all reside
in a section that is smaller than a quarter of the fundamental domain (see Fig. 5.14a).
Consequently, the evolving crystal facets have similar Miller-Bravais indices, thus leading
to the intricate etch anisotropy of sapphire. The rates obtained when modeling the
temperature dependence by an Arrhenius law enable high-quality etching models for
etchants M0-1 and M5-1 in the temperature range from 473K to 543K.

Furthermore, the activation energies of the defining crystal rates differ less than
10% (with the exception of the isotropic component V0). The small difference does
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Figure 5.21: Illustration of the etch rates along a path illustrated in the inset for etchant mixture
(a) M0-1 and (c) M5-1. The etch rates follow Arrhenius laws (5.12) which are depicted
for (b) M0-1 and (d) M5-1.
Reprinted with permission from Toifl et al., Semicond. Sci. and Technol. 36 (4),
p. 045016. [122] (2021). c: 2021 Authors, licensed under the Creative Commons Attri-
bution 4.0 License (https://creativecommons.org/licenses/by/4.0/).

not result in a different order of appearance and disappearance of crystal facets at
different temperatures. Accordingly, there are no intersections of the Arrhenius line in
the temperature range from 473K to 543K.

In summary, a continuum model for wet etching of sapphire with mixtures of H3PO4

and H2SO4 has been proposed and verified. The model enables the simulation and
analysis of the emerging 3D topographies during an anisotropic wet etching step with
different time and temperature.
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5.5 Summary

In this chapter, continuum level-set simulations for four representative anisotropic pro-
cess steps were presented. All considered process steps are essential to fabricate state-of-
the-art semiconductor devices and include anisotropic wet etching, heteroepitaxy, and
selective epitaxy. Continuum etch and growth rate models were proposed to describe
the 2D and 3D topography evolution. In order to account for the distinctive crystal
facets emerging from heteroepitaxy of 3C-SiC and wet etching of sapphire, interpolation
procedures, reflecting the associated tetrahedral and trigonal crystal symmetry, were
proposed. The interpolation procedures are based on the idea of mapping arbitrary
crystal directions to the fundamental domain of the crystal symmetry class.

The particularly intricate wet etching anisotropy of sapphire was captured with a
flexible parametrization that enables the construction of high-quality etch rate distribu-
tions, even if only a small set of experimentally characterized crystal facets is available.
The continuum models were employed in conjunction with the developed CA engine
(Chapter 4), which now enables numerically reliable and accurate topography simu-
lations. The simulation results were compared with experimental observations (AFM,
SEM, TEM) from the literature, confirming that the presented models capture the exper-
imentally obtained topography features with high accuracy. Hence, the capability of the
presented topography-focused continuum modeling approach was clearly demonstrated.

In the following chapter, semiconductor process simulation is discussed in the broad-
er perspective of TCAD. In particular, the model for anisotropic wet etching of sapphire
is employed to determine the wet etching process parameters needed to optimize GaN-
based LEDs with sapphire substrates.
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6 Process TCAD and Semiconductor
Device Design

By integrating models for all important process steps in semiconductor fabrication (e.g.,
deposition, etching, and doping), a process simulator is capable of predicting a virtually
fabricated semiconductor device model (in the form of a (volume-)discretized geometry)
by employing a sequence of simulated fabrication steps: This device model captures the
geometry and material properties of the semiconductor material stack which defines the
device. The electrical or optical properties of the device are subsequently predicted by
a device simulator which is a further central software tool in TCAD.

After focusing on the individual process steps in the previous chapter and to set the
stage for the remainder of this work, a broader perspective on process TCAD and its
well-known importance is highlighted. First, the general role of process TCAD in semi-
conductor device design is discussed. Second, the matured strategy of linking process and
device simulations to provide further insights and optimization capabilities to facilitate
the fabrication of efficient semiconductor devices is examined. This is illustrated with the
example of post-implantation annealing of 4H-SiC-based power MOSFETs [181], where
the optimal annealing process conditions to achieve the desired MOSFET characteristics
are important.

In the final and main part of this chapter, the fabrication of GaN-based LEDs is
discussed to motivate this particular area of application. Here, 3D patterning of the
sapphire substrate is highly beneficial to optimize the optical efficiency of the LEDs.
This is achieved with anisotropic wet etching of sapphire, where particularly complex
3D topographies emerge. Hence, the developed numerical CA engine (Chapter 4) and
continuum model for sapphire etching (Section 5.4), which have both been proposed
in this thesis, are employed and shown to be integral components for the necessary
coupled process and device simulations: These coupled simulations provide the optimal
wet etching process parameters to fabricate GaN-based LEDs with maximal optical
efficiency.

6.1 Linking Process and Device Simulation

As hinted before, in the general context of TCAD, process simulation is typically em-
ployed to generate a geometric device model that is provided to a device simulator. A
device simulator predicts electrical and optical characteristics of semiconductor devices
(e.g., voltage-current relations) by utilizing physical models for carrier transport, inter-
face effects, and material properties. For many device structures the exact geometry of
semiconducting and isolating layers impacts the device characteristics in intricate ways.
Depending on the quality requirements, several options to achieve a viable device model
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can be employed. The simplest approach is to design the device model’s geometry with
the help of 3D computer-aided design software (solid modeling approach). Some software
tools provide the option for process emulation which uses sequential geometric options
for etching/deposition and doped region creations. Hereby, it is possible to support
deposition and removal of layers with a certain thickness or film conformality. This
enables intuitive creation of device models and allows for rapid-prototyping, since the
device model is built on the basis of lithography masks, critical dimensions, and more
involved structures like spacers which naturally result from the mask layout. In contrast,
the term process simulation in a rigorous sense is usually used if physical phenomena
or chemical reactions are modeled on the feature scale, with the goal to predict etch
profiles, film deposition geometry, or doping wells.

Semiconductor devices are fabricated with a large number of individual fabrication
steps. As demonstrated in Chapter 5, emulation and simulation techniques can be
employed alongside to generate a device model. Some processes are well-controlled and
result in simple topographies (e.g., perfectly planar epitaxy), which can thus be addressed
with emulation. Other processes involve physical/chemical processes leading to complex
topographies or doping profiles. Process simulation is beneficial here, in particular, if
the impact of process parameters on device characteristics is of interest [182].

Post-Implantation Annealing of 4H-SiC DMOSFETs

In order to illustrate the benefits of combined process and device simulations, the post-
implantation annealing of 4H-SiC double-implanted MOSFETs (DMOSFETs) is con-
sidered [181]. High temperature annealing is required to electrically activate implanted
dopants. Only if dopants are appropriately incorporated into the 4H-SiC crystal, they
contribute free electrons and holes. This is achieved with a temperature step which
induces a beneficial change of the atomic configuration of the implanted impurities.
On a device level, optimized transistor channels are formed with n- and p-doped well
implantation. Thus, electrical activation influences important parameters like on-state
resistance and threshold voltage [40]. As a consequence, post-implantation annealing
process parameters directly affect the performance of the final device.

A 4H-SiC DMOSFET is a vertical power device structure shown in Fig. 6.1. In
the following a low-voltage short channel realization as presented by Saha et al. [183]
is considered. After implantation of acceptor-type aluminum (p-SiC well) and donor-
type phosphorus (n-SiC well) a post-implantation annealing step at temperature TA

is performed for a specific annealing time t. A transient annealing model has been
proposed for aluminum- and phosphorous-doped 4H-SiC [184]. The time evolution of the
electrically active dopant concentration Cact depends on the activation reaction rate kr

dCact

dt
= −kr(TA) (Cact − Ca,f(TA, Ctot)) . (6.1)

Ca,f is the active dopant concentration in the steady state

Ca,f(TA, Ctot) =
Ctot

1 + Ctot

Css(TA)

, (6.2)

which is determined by the total implanted concentration Ctot and Css; the latter is a
parameter related to the solid solubility of the respective impurity in 4H-SiC. The model
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(a) (b)

Figure 6.1: (a) Schematic cross section of a (vertical) 4H-SiC DMOSFET. (b) Device model of the
DMOSFET, showing the net doping density (donor concentration minus acceptor concen-
tration). The vertical current path is indicated with arrows.
Reprinted with permission from Toifl et al., IEEE Transactions on Electron Devices 66 (7)
(2019), pp. 3060-3065 [181], c: 2019 IEEE.

parameters kr and Css follow an Arrhenius law

A = Z exp



− Ea

kBTA

�
, A ∈ {Css, kr}, (6.3)

with an exponential prefactor Z, activation energy Ea, and Boltzmann constant kB.
Model parameters have been calibrated to a large number of experiments presented in
the literature: The experiments cover annealing steps of ion-implanted planted aluminum
and phosphorous impurities in 4H-SiC, which have been performed at various annealing
temperatures, times, and total implanted concentrations [181], [184].

Since the model parameters for aluminum and phosphorous differ, the ratio of ac-
tive dopants differs for p- and n-doped regions for given annealing conditions. As a
consequence, the difference of net doping of p- and n-wells is not only determined by
the implantation process via Ctot, but also by the post-implantation annealing process.
The impact of the implantation and post-implantation annealing process on the device
characteristics can be studied by coupling the process and device simulations. Process
simulation is performed with Silvaco Victory Process [140], where the following process
steps are considered to construct a model of the DMOSFET:

1. Planar epitaxial growth of a lightly n-doped 6 ➭m epitaxial layer
(ND = 1× 1016 cm−3).

2. Planar epitaxial growth of a 0.9 ➭m n-doped layer (ND = 1× 1017 cm−3). This layer
forms the current spreading layer (CSL) and the junction FET (JFET) region in
the final device.

3. Deposition of the implantation mask (SiO2).
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Process Simulation
Planar Epitaxy
Ion Implantation
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Thermal Oxidation
Metal Deposition
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Figure 6.2: Flowchart of coupled process and device simulations to quantify the impact of post-
implantation annealing on DMOSFET device performance.

4. Ion implantation of aluminum and phosphorous to form the p-well, highly doped
n-well, and the highly p-doped region below the source contact. The implantation
energies are chosen to produce a p-well with a depth of 0.6 ➭m.

5. Annealing step, characterized by t and TA, using the activation model (6.1) and
(6.2). The surface is capped with SiO2.

6. Thermal oxidation to form the gate oxide with a thickness of 50 nm.

7. Metal deposition to form the contacts (source, gate, and drain).

The result is a 2D model of the DMOSFET as shown in Fig. 6.1b. In particular,
the active doping concentration in the p- and n-doped wells is a function of annealing
time and temperature. The structure is forwarded to the semiconductor device simu-
lator Silvaco Victory Device [140], [181], which creates the ability of a coupled process
and device workflow (shown in Fig. 6.2). The device simulator is configured in drift-
diffusion mode with Fermi-Dirac statistics. Two-level incomplete ionization [185], the
Uhnevionak combined mobility model [186], and the temperature-dependent bandgap
model by Varshni [187] (calibrated according to experimental studies [188]) are em-
ployed. Shockley-Read-Hall [189] and Auger recombination [190] as well as impact ion-
ization [191], [192] is used. Furthermore, the material interface between 4H-SiC and SiO2

is characterized by interface state densities, which are typically two orders of magnitude
higher than densities associated with a Si-SiO2 interface [193].

The device simulation setup is used within a coupled simulation workflow (Fig. 6.2).
The DMOSFET model is fabricated with specific annealing temperature and time, which
enables the investigation of the impact of post-implantation annealing process parame-
ters on the threshold voltage of the final device. A phase plot of the threshold voltage as
a function of annealing temperatures in the range from 1500 ◦C to 1750 ◦C and annealing
times up to 8min is shown in Fig. 6.3. The results confirm that the viability of DMOS-
FETs is significantly influenced by the annealing conditions. This is further reinforced
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Figure 6.3: Phase plot showing the threshold voltage of 4H-SiC DMOSFETs as a function of annealing
time and temperature. If the annealing temperature is chosen too low and/or the annealing
time is insufficient, non-functional devices (exhibiting purely resistive characteristics) are
produced.
Reprinted with permission from Toifl et al., IEEE Transactions on Electron Devices 66 (7)
(2019), pp. 3060-3065 [181], c: 2019 IEEE.

by the gray-colored regions in Fig. 6.3, which correspond to the set of annealing vari-
ables resulting in purely resistive devices. These are lacking gate control capabilities and
are thus not usable. For the functioning DMOSFETs, the threshold voltage is mainly
determined by the active aluminum concentration in the channel. Thus, annealing time
and temperature have a strong impact on the transfer characteristics. For instance, at
a constant annealing temperature of 1600 ◦C, enhancing the annealing time from 3min
to 7min causes a threshold voltage shift of approximately 3V. A shift of the threshold
voltage affects the switching beviour of the DMOSFET and thus needs to be carefully
considered in the design of power switching circuits [40].

Closely coupled process and device simulations have been demonstrated to be highly
beneficial for the optimization of post-implantation annealing parameters with respect
of the final device properties of 4H-SiC DMOSFETs. In the next section the focus is
shifted to a similar approach for the topography-focused optimization of LEDs.

6.2 Light Extraction Efficiency of GaN-Based LEDs

In this section GaN-based LEDs on sapphire substrates are considered. The fundamental
operating principles are introduced in order to discuss the impact of the topography of
PSSs. These principles are applied to design combined process and device simulations,
which thereby provide the ability to optimize the parameters of the anisotropic wet
etching process during the fabrication of PSSs.
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Figure 6.4: Schematic illustration of a double-heterojunction GaN-based LED. By applying an electrical
bias, carriers are injected into the active region where they radiatively recombine. Light is
emitted in an undirected manner and traverses through the device. The refractive index
of the GaN layers is larger than the indices of sapphire and the surrounding air. Hence,
the LED acts as a waveguide, where a substantial fraction of light is not extracted due to
total internal reflection (TIR). Additionally, contacts are a major source of electromagnetical
losses. The concept of extraction cones, which visualizes the set of incoming angles allowing
for transmission at a material interface with ni > nt, can be generalized for a LED structure
to characterize the fraction of light which is extracted from the device.

A schematic illustration of a simplified double-heterojunction LED is presented
in Fig. 6.4. The LED consists of back reflector (silver), a sapphire substrate, GaN
confinement layers, an active region (stack of several alloys, e.g., InGaN and AlGaN), a
transparent current spreading layer (e.g., indium tin oxide (ITO)), and metal contacts.
By applying an electrical bias across the pn-junction formed by p- and n-doped GaN
layers, carriers are injected into the active area, where they optically recombine and
emit light. The active region is typically formed by multiple quantum wells to achieve
emission of light with specific wavelengths. Furthermore, the emitted light is undirected,
i.e., the initial propagation direction is random [163].

6.2.1 Ray Optics Approximation

The basic operating principle of LEDs can be explained within the ray optics approxima-
tion. The dimensions of a typical LED chip are significantly larger than the wavelength of
the emitted light. Thus, it is possible to approximate light propagation using ray optics,
where light propagation is described with straight-line paths (in homogeneous media)
and diffraction and interference phenomena are neglected [194]. The trajectory of light
rays is determined by the refractive indices n of the media the rays traverse. When
a light ray encounters a material interface (i.e., an abrupt spatial change of refractive
index), a part of the electromagnetic wave is reflected and a part is refracted.
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The propagation direction of the reflected ray is given by the law of reflection

θr = θi, (6.4)

where θ denotes the angle between ray and interface normal. The incoming ray is
indicated by the superscript i and the reflected ray is specified with the superscript r.
The refracted component is described with Snell’s law [194]

nt sin θ
t = ni sin θ

i. (6.5)

Here, t denotes to the transmitted ray. The relative magnitude of the reflected and
refracted components are given by the Fresnel equations [195], which provide the elec-
tromagnetic intensities of refracted and transmitted light. If a ray transitions from
a medium with higher refractive index into a region with lower refractive index (i.e.,
ni > nt) TIR can occur. This is the case if the incoming angle is larger than the critical
angle θcrit

θi > θcrit = arcsin
nt

ni

. (6.6)

TIR limits the set of incoming rays which can traverse the interface. The associated
θi < θcrit can be visualized with the concept of extraction cones (illustrated in Fig. 6.4):
At an interface with ni > nt, the set of incoming rays which are (at least partially)
transmitted constitute the extraction cone.

During light propagation in matter, electromagnetic power is absorbed by the ma-
terial. As a consequence, the intensity of light rays is attenuated. In other words,
the material is lossy, which is modeled by introducing a non-zero imaginary part κ for
the refractive index ñ = n − jκ. In a lossy material the electromagnetic intensity I
exponentially decreases in space

I(z)

I(0)
= e−αz, α =

4π

λ0

κ, (6.7)

where z refers to the propagation distance. The relation between the absorption co-
efficient α and the κ is derived with the assumption of ideal plane waves with wave-
length λ0

1. The metal contacts of an LED are usually the most pronounced source of
losses.

Light propagation in LEDs can be well-described with these concepts. Semiconduc-
tors have refraction indices which are typically larger than 2, e.g., nGaN ≈ 2.5. Since the
surrounding air has a lower refraction index (nair ≈ 1), layered semiconductor structures
essentially act as waveguide. Only a certain fraction of rays can leave the LED, while
the remaining rays are repeatedly (total internally) reflected until they are eventually
entirely attenuated. Thus, the geometry of the device intrinsically limits the amount of
extracted light.

Even though the ray optics approximation is justified for large-scale LEDs, it is
important to note that ray optics cannot be applied if the geometric features of the LED
are smaller than the wavelength of emitted light in the active region. If the geometric

1Ideal plane waves are a reasonable approximation of collimated ray-like waves if the cross-section of
the light beam is much larger than λ0 [195].
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features of the LED are further reduced in size, it is more appropriate to treat these
as surface roughness instead of topography features (typical blue-light GaN LEDs emit
in the spectral range from 0.4 ➭m to 0.55 ➭m [196]). If it is desired to consider surface
roughness, specialized and typically significantly more complex models based on light
scattering must be employed [197].

6.2.2 Light Extraction Efficiency

In general, the efficiency of LEDs refers to the capability of transforming electrical
input power into radiant optical flux2. There are multiple contributions to the total
efficiency [35], [163]

Total Efficiency = LEE · IQE · ηelec, (6.8)

where ηelec refers to the electrical efficiency (ohmic losses in contact, carrier injection
efficiency). The internal quantum efficiency (IQE) quantifies the efficiency of photon
generation inside the LED based on injected electrical carriers. The so-called light ex-
traction efficiency (LEE) describes the number of photons ultimately leaving the struc-
ture with respect to the number of internally generated photons. LEE is a function
of the geometrical structure of the LED and material properties (refractive indices) of
the individual layers. The geometry-focused process modeling approach discussed in the
previous chapters is well-suited to support the LED design. Hence, LEE is discussed in
detail in the following.

A geometrical picture of LEE is the effective light extraction cone, as depicted
in Fig. 6.4, which is characteristic for the entire LED. In order to achieve highly efficient
LEDs, the light extraction cone needs to be as wide as possible, i.e., to allow for maximal
light extraction at the chip surfaces. A plethora of techniques to improve LEE has been
proposed and implemented. The most well-known technique is high-index encapsulation,
where the LED chip is encapsulated in a medium that has a refractive index between air
and semiconductor. For instance, dome-shaped epoxy resin encapsulation (epoxy dome)
with nepoxy ≈ 1.5 is employed to enlarge the extraction cone. By reducing the refractive
index contrast the critical angle θcrit is increased. Furthermore, the global geometry of
the chip can be optimized (chip shaping). The ideal chip shape is a point-like emitting
region [35], which is not feasible in practice. Hence, many shapes have been studied
in the past to optimize efficiency: Triangular, slanted geometries, truncated inverted
pyramids [198], and more advance concepts like sidewall-deflector-integrated LEDs [199].

It is also possible to make use of the wave nature of light and employ optical mode
quantization in microcavities and photonic crystals [200]. Textured or patterned inter-
faces are particularly interesting for GaN-based LEDs [163]. Complex substrate topogra-
phies, as shown in Section 5.4 with PSS, introduce strong ray trajectory variations to
the LED. The irregularity of interfaces provides the possibility of enlarging the effective
extraction cone by reducing the amount of rays which are total internally reflected at
the chip edges. In the ideal case, the trajectories of light rays can be altered to pass the
TIR criterion (6.6) after interacting with non-planar GaN-PSS interfaces.

2A related quantity which is also often used is the luminous efficacy (given in units of lmW−1), where
the power efficiency is weighted by the spectral sensitivity of the human eye.

102



6. Process TCAD and Semiconductor Device Design

Light Extraction Efficiency Ray-Tracing

LEE optimization of LEDs can be supported with computational methods. The pre-
viously discussed ray optics approximation is directly employed in ray-tracing simula-
tions [163], [201], [202], which are referred to as LEE ray-tracing (LRT) methods in
the following. The main idea of LRT is to follow the propagation of light rays as they
traverse through the LED. In order to model undirected emission, rays are set up at
random positions in the active region with randomized initial propagation direction. If
a ray hits a material interface, the law of reflection (6.4) and Snell’s law (6.5) is ap-
plied, which results (in the general case) in two rays being traced: A reflected and a
refracted ray. Furthermore, the generated light in a LED is not a perfectly collimated
light beam, i.e., the light ray spreads spatially during propagation (beam divergence).
This leads to situations where the material interface that is hit by a ray is not sufficiently
characterized by a single interface normal. In LRT methods, this is accommodated for
by splitting the incoming ray into two rays, which interact with the interface via two
interface normals [203]. Hence, the number of light rays that are traced are gradually
increased on non-planar interfaces, even if only TIR occurs. Additionally, attenuation
during propagation is modeled with (6.7), which results in a reduction of the optical
power assigned to the ray.

The ultimate goal of LRT is to compute the amount of optical power which is not
dissipated within the device and thus contributes to the far (radiant) field. LRT en-
ables the investigation of LED designs with high flexibility regarding the geometry of
the device structure: In the literature, several chip shapes, contact geometries, interface
textures, and the impact of surface roughness have been studied [35], [163]. As far as
interface texturing is concerned, typically idealized geometries are considered, e.g., reg-
ular arrays of cones. In the following, the effect of complex PSS topographies fabricated
with anisotropically wet etching are investigated.

6.2.3 Coupled Process and Device Simulations

In order to demonstrate the impact of wet etching process parameters on the LEE
of GaN-based LEDs, a representative LED device structure is considered (depicted
in Fig. 6.5). The active region is labeled InGaN, as it is typically composed of mul-
tiple InGaN and GaN quantum wells. The backside mirror enforces mainly top-facet
emission and encapsulation with epoxy resin (i.e., epoxy dome) enlarges the extraction
cone [163]. The geometric features of the PSS are periodic, where the periodic unit cell
has dimensions which are significantly smaller than the entire LED.

In the following, the discussion focuses on the the impact of the PSS topography
on LEE. Hence, the exact device dimensions (apart from the PSS topography) and
contact pad arrangement are assumed to be already optimized. The impact of the PSS
topography can be isolated by considering only a periodic unit cell (lower illustration
in Fig. 6.5). Ray propagation in the unit cell is modeled with periodic lateral boundaries,
i.e., the edges of the LED are not considered, and a reflecting bottom boundary (mirror).
Thus, rays can only leave the structure via the top. Furthermore, three prototypical
traces of light rays (S1, S2, and S3) in the periodic unit cell are depicted in Fig. 6.5
(lower image): S1 is initially propagating towards the bottom of the device, but is
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Figure 6.5: Illustration of a GaN-based LED with PSS (top, not to scale) and typical dimensions as
presented in the literature [163], [174]. A dome-shaped encapsulation with epoxy resin is
implied. In order to investigate the impact of PSS topography, a periodic unit cell which
does not include contact pads is considered (bottom). The unit cell has periodic boundaries
at the sidewalls and a reflective boundary at the bottom. In LRT simulations, an isotropic
distribution of rays is initiated in the active region (labeled as InGaN) and the paths of the
rays through the structure are traced. Snell’s law (6.5) is applied at material interfaces and
the number of rays leaving the structure is determined by the simulation. S1, S2, and S3

illustrate ray paths which result in extracted light.
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reflected twice at the GaN-PSS interface by means of TIR, which ultimately results in
light extraction. S2 demonstrates direct emission, which is independent of the substrate
pattern. Furthermore, S3 illustrates interaction with the periodic domain boundaries.

Process Simulation Setup

Since the exact topography of the GaN-PSS interface depends on the etching process
parameters (etchant mixture, etch temperature, and time), coupling the anisotropic wet
etching model of Section 5.4 with LRT allows for optimization of the process parameters
etchant mixture, etch time, and temperature. Fig. 6.6 illustrates the simulation flow
to implement combined etching and LRT simulations. First, anisotropic wet etching
is simulated with the proposed CA engine (implemented in Silvaco Victory Process).
The sapphire wet etching model M0-1 Tab. 5.5 is employed on the initial pre-patterned
PSS structure, as shown in Fig. 6.6 (I). The simulation domain is a 3D periodic unit
cell of the PSS with periodic boundaries in the wafer plane and a high resolution of
Δx = 0.035 ➭m, which is required to resolve the intricate topography features.

After the etching simulation is performed with etch time t and temperature T
(Fig. 6.6 (II)) the stack of GaN, InGaN, ITO is produced with idealized geometry opera-
tions (planar material regions with thickness given in Tab. 6.1), forming a high-resolution
periodic unit cell of the LED (Fig. 6.6 (III)). For the subsequent device simulation a De-
launay mesh [204] is required. Hence, the level-set representation of the cell is transferred
to an explicit mesh using the marching cubes algorithm [126]. However, the marching
cubes generated mesh is not a Delaunay mesh, which is why the meshing tool Silvaco
Victory Mesh [140] is employed to convert the mesh to a Delaunay tetrahedral mesh.
Additionally, the structure of the resulting Delaunay mesh is optimized. The GaN-PSS
interface is resolved with high accuracy employing a linear grading in the characteristic
size (i.e., diameter) of the mesh simplices. At the interface the characteristic size is
0.14➭m and at 1.68➭m distance from the interface, the size is 0.56 ➭m (Fig. 6.6 (IV)).

LRT Simulation Setup

LRT is performed with Silvaco Victory Device in LED mode (electrical carrier transport
is not considered). The simulation setup is designed to focus on the impact of GaN-PSS
interface geometry on LEE. The goal is to capture the relative increase or decrease in
LEE as a function of wet etching parameters. A periodic setup of the computational
domain is employed with periodic boundaries at the lateral edges of the unit cell. The
ambient refractive index is set to 1.5 (epoxy). Therewith, it is assumed that every ray
leaving the device structure and thus reaching the ambient region contributes to the
extracted field. Equivalently, the shape of the epoxy dome is considered to be ideal,
i.e., there is no back reflection due to TIR at the epoxy-air interface. Furthermore, the
backside mirror is set up as an ideal reflective boundary without causing losses.

Light rays are generated at 16 homogeneously distributed points Sj in the active
region. For each point Sj, 360 initial ray directions are used to sample the emission
sphere, as indicated in Fig. 6.5. The total generated (internal) optical power is nor-
malized to 1W. The tracing of a ray is terminated if more than two reflections occur.
This imposed limit of two reflection is motivated by a trade-off between accuracy and
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Figure 6.6: Flowchart of combined process simulations and LRT to study the LEE of GaN-based LEDs.
The periodic unit cell is considered, as depicted in Fig. 6.5. The simulation flow involves
a process simulator, Delaunay meshing software, and a device simulator. (I) The conical
PSS is generated with process emulation. (II) The continuum model for anisotropic wet
etching of sapphire is employed to simulate the PSS topography for a specific etchant, etch
time, and temperature. (III) A series of planar epitaxy steps is used to form GaN layers,
active region, and ITO. (IV) The resulting high-resolution mesh is re-meshed to construct a
Delaunay mesh with optimized GaN-sapphire interface. (V) LRT is employed to calculate
the LEE of the LED. As a result, the impact of wet etching parameters on LEE of the final
device is quantified.

computation time. On the one hand, a terminated ray does not contribute to the ex-
tracted radiant optical flux, even though it might be actually extracted after a larger
number of reflections. On the other hand, the computation time exponentially increases
with increasing number of reflections before termination. This is caused by the ray
splitting mechanisms discussed in Section 6.2.2. The particular choice of a limit of two
reflection enables the consideration of the typical ray path S1 in Fig. 6.5 (lower image),
which is characterized by a double reflection at the GaN-PSS interface and contributes
significantly to the LEE .
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Table 6.1: Layer thicknesses and refractive indices of the LRT simulations employed for the periodic
unit cell of the LED shown in Fig. 6.5. All refractive indices are real-valued, hence losses
are neglected. This assumption is valid for investigations of the isolated impact of PSS
topography on LEE. 	Since attenuation in the sapphire substrate is neglected, it is possible
to significantly reduce the thickness of the sapphire substrate and still quantify the relative
impact of the GaN-sapphire interface on LEE.

ITO p-GaN InGaN n-GaN GaN PSS Epoxy Dome

Thickness [➭m] 0.25 0.2 0.01 2 5 1�

Refractive Index 2.1 2.5 2.5 2.5 2.5 1.7 1.5

The refractive indices of the LED layers, as reported in Tab. 6.1, reflect an emission
wavelength λ0 = 0.4 ➭m. Importantly, only real-valued refractive indices are employed.
Thus, attenuation is entirely neglected, which is motivated by small dimensions of the
unit cell. Rays that can leave the device typically travel a rather short distance and
the impact of attenuation is small. Moreover, due to the ray termination condition of
two reflections, rays which are reflected multiple times back and forth (e.g., GaN-PSS
and mirror) before they leave the device are entirely neglected in any case. Even though
neglecting absorption is a crude approximation, in particular for the large sapphire
substrate, the calculated results are still valuable to quantify the isolated impact of
GaN-PSS interface geometry on LEE in a relative sense. An important implication for
the simulation domain is that a thin pseudo-substrate can be used, which consists of the
PSS topography and a cuboid with small extension in z-direction (Fig. 6.6 (IV)). Since
absorption in the sapphire region is neglected and an ideal backside mirror is assumed,
the substrate thickness of typically 130 ➭m can be reduced to a minimal thickness, i.e.,
1 ➭m3.

Coupled Process and LRT Simulations

Coupled process and LRT simulations have been performed for the wet etchant M0-1
(H3PO4) at 493K. The relative LEE (normalized to the initial cone structure) is plotted
for different etch times in Fig. 6.7. A gradual increase of relative LEE is shown until
a maximum at 18min is reached. Compared with the initial cone structure, LEE is
increased by approximately 15%. The corresponding GaN-PSS interface topography
is also depicted in Fig. 6.7. As etch time is increased to more than 18min, the LEE
sharply drops, which can be explained by the increasing fraction of planar geometry.
Planar regions have a detrimental effect, because they are parallel to the top facet of the
device. Hence, due to TIR at planar regions of the GaN-PSS interface the extraction cone
of LED is effectively reduced. Accordingly, minimal LEE is observed for a completely
flat GaN-PSS interface (40min). When comparing the optimized LEE with the LEE
obtained for a planar interface, a notable 77% increase is observed. Thus, the significant
impact of the GaN-sapphire interface patterning on LEE is demonstrated, and the merits
of PSS in general are corroborated. Nevertheless, the LEE is not solely explained by the
fraction of planar regions, since the optimal topography (t = 18min) is characterized by

3Numerical experiments have been performed to calculate the LEE for different substrate thicknesses.
The results confirm constant LEE if the number of completely traced rays is also kept constant.
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+15%
+77%

Figure 6.7: Relative LEE as a function of etch time. The employed etchant is M0-1 and the temperature
is kept constant at 493K. The LEE of the original conical PSS (0min) is the reference for
the provided relative LEE values. The LEE is maximal for an etch time of 18min, which
corresponds to an increase of 15% compared with the conical PSS. Longer etch times result
in a drop of LEE, which is mainly due to the increased fraction of planar topography as
the PSS features are gradually etched away. The optimal PSS topography achieves a 77%
increase in LEE compared with a planar sapphire substrate, which highlights the significant
impact of interface patterning on the LED performance.

a larger flat area than the initial cone structure. The increase in LEE originates from
the intricate redirection of light induced by the complex 3D PSS topography.

Aside from etch time, etch temperature also affects the topography of the PSS.
Fig. 6.8 shows the relative LEE for several LEDs processed with etchant M0-1 in a
semi-logarithmic phase plot. The etch time is displayed on a logarithmic scale and the
etch temperature is given on a linear scale. The phase plot supports the identification
of suitable etch parameters. On the one hand, elevated temperatures allow for smaller
etch times, which is typically desired. On the other hand, the region of optimal LEE
is broader on the time axis for lower temperature. Thus, etch stop mechanisms are not
required to be as precise as in the elevated temperature case.

In summary, coupled process and LRT simulations enable advanced capabilities for
the optimization of GaN-based LEDs. The impact of complex topographies produced
with anisotropic wet etching of sapphire is not entirely captured with simple models (e.g.,
fraction of planar regions on the GaN-PSS interface). LEE calculation techniques benefit
from the sapphire geometries provided by topography-focused process simulations, which
also contribute a link to actual process parameters required to achieve certain geometries.
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Figure 6.8: Phase plot of relative LEE as a function of etch time and temperature. The etch time is
given on a logarithmic axis. The desired optimal area in phase space is label with 1.11 and
refers to the combination of etch time and temperature, where the relative LEE is larger
than 1.11. The reference is the LEE of the original conical PSS (0min). The phase plot
supports the choice of the optimal wet etching conditions, in particular if further boundary
conditions, e.g., limitations in process controllability, need to be considered.

6.3 Summary

In this chapter, closely coupled process and device simulations were presented. These
provide the ability of a feedback loop of process and device TCADmodels and techniques,
enabling the optimization of process parameters by computationally determining their
impact on device performance. The post-implantation annealing of 4H-SiC DMOSFETs
served as a general example for the benefits of this approach. Finally and most impor-
tantly, the numerical techniques for 3D topography evolution proposed in Chapter 4 and
the continuum model for anisotropic wet etching of sapphire presented in Chapter 5 were
employed to perform such coupled simulations in the context of GaN-based LEDs. The
impact of sapphire patterns on the optical efficiency of the final LED was quantified,
which led to the identification of optimal etch process parameters (i.e., etch time and
temperature).
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Numerical methods for the 3D simulation of selective epitaxy and anisotropic wet etch-
ing were presented in the context of process TCAD. The materials which are patterned
with these processes are of crystalline nature, which results in inherently anisotropic pro-
cesses. The resulting formation of crystal facets gives rise to complex 3D semiconductor
topographies and needs to be captured by simulation tools to support semiconductor
device fabrication. Modeling approaches ranging from atomistic to continuum were re-
viewed and the excellent capabilities of topography-focused continuum models based on
the level-set method were identified.

Inherently anisotropic processes described with the level-set method pose several
challenges regarding the computational treatment. First, the emerging crystal facets
need to be resolved with high spatial accuracy (no artificial rounding). Second, the
sharp edges of facets can cause abrupt changes in the level-set function. Since the level-
set equation (which determines the surface evolution) is a hyperbolic partial differential
equation, abrupt numerical changes of the level-set function lead to the excitation of
artificial numerical waves. This leads to instable surface propagation and thus must be
avoided. Third, the conventional description of multiple materials with a stack of level-
set functions introduces numerical inaccuracies which can result in incorrectly imposed
local surface convexity. Due to the sensitivity of inherently anisotropic process to the
local topography, robust growth or etch simulations are not ensured.

In this thesis, a stable and robust level-set method which overcomes theses chal-
lenges was presented. Originating from the viscosity solution of the level-set equation
and monotonicity considerations, a finite difference Stencil Lax-Friedrichs scheme was
derived. In particular, the scheme provides optimized front propagation for crystal
orientation-dependent etch and growth models, which is achieved by determining the
appropriate numerical dissipation coefficients and size of the discrete time step. Most
importantly, no heuristic numerical parameters are required, facilitating the practical
use. Furthermore, the deposition top-layer method for selective epitaxial growth in
multi-material structures was proposed, which is based on Boolean operations on a
stack of level-sets. The capabilities of these techniques were assessed in typical epi-
taxy and etching configurations, demonstrating that the Stencil Lax-Friedrichs scheme
and deposition top-layer method enable reliable 3D topography simulations with crystal
orientation-dependent growth or etch rate models.

These numerical methods were applied for the simulation of epitaxy and anisotropic
wet etching steps in a variety of state-of-the-art semiconductor fabrication processes. The
applications involve several materials (Si, SiGe, 3C-SiC, and sapphire) and processes
including source-drain engineering of MOSFETs, SiGe fins, and anisotropic wet etching
of sapphire substrates.
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In order to account for the different crystal symmetry exhibited by these materials,
a growth and etch interpolation procedure which respects the underlying crystal sym-
metry operations was introduced. In particular, the ideas of the traditional Hubbard
interpolation which is only applicable for octahedral symmetry (as exhibited by Si and
SiGe) were generalized to allow for interpolation of growth and etch rates in tetrahedral
and trigonal symmetry. Thus, simulations of crystal orientation-dependent processing
of the tetrahedral 3C-SiC and the trigonal sapphire were enabled.

Furthermore, the intricate wet etching anisotropy of sapphire was modeled with
a parametrization that is well-suited to reflect the multiple minima and maxima of
sapphire’s etch rate distribution. Hence, a comprehensive sapphire wet etching model
for different etchants and etch temperatures was proposed. All simulation results were
compared with experimental observations (i.e., SEM, TEM, and AFM data) from the lit-
erature, showing accurate congruence. Thus, the capability of level-set based continuum
modeling approach was demonstrated.

The merits of the continuum modeling were further utilized by combining process
and device TCAD. To set the stage, the impact of the process parameters annealing
time and temperature of the post-implantation annealing of 4H-SiC DMOSFETs on
the device characteristics was highlighted. The annealing conditions cause significant
threshold voltage shifts. These were quantified and the range of desirable annealing
parameters was identified.

A similar investigation was performed for the highly complex topographies of wet
etched sapphire substrates which are essential for GaN-based LEDs. The continuum
level-set model for anisotropic wet etching of sapphire was employed to virtually fabri-
cate LED structures which were subsequently characterized with ray-tracing calculations
to determine the light extraction efficiency. The simulations have shown that optimiza-
tion of etch time and temperature result in an up to 15% increase in efficiency of wet
etched PSSs compared with conical substrate patterns.

Even though the capabilities of the proposed Stencil Lax-Friedrichs scheme and
the deposition top-layer method were demonstrated in this thesis, future work should
address the performance and optimizations for calculations on adaptive (i.e., locally
refined) computational grids. Furthermore, an extension of the presented Stencil Lax-
Friedrichs scheme to flux-dependent processes would be of interest. For instance, the
incorporation of ray-tracing-based flux calculations is important for the heteroepitaxy
of 3C-SiC on Si pillars, because ray-tracing allows to account for particle transport and
shading effects in a general way.

As far as modeling of epitaxy and etching processes is concerned, further investi-
gations might consider more growth conditions and etchant mixtures. For instance, in
the case of anisotropic wet etching, the impact of alcohol supplements is known to sig-
nificantly alter the etch anisotropy. Likewise, reactor parameters (e.g., precursor flow)
influence epitaxial growth rates. By considering effects of that kind, comprehensive
growth and etch rate models can be developed.

Furthermore, the combination of process simulation and light extraction efficiency
ray-tracing can be further pursued by considering different initial geometries (e.g., hemi-
spherical or cylindrical patterned sapphire substrates). The impact of various etchants
can also be investigated for alternative LED designs like flip-chip LEDs.
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[28] B. Radjenović, J. K. Lee, and M. Radmilović-Radjenović. “Sparse Field Level
Set Method for Non-Convex Hamiltonians in 3D Plasma Etching Profile
Simulations”. Computer Physics Communications 174 (2) (2006), pp. 127–132.
doi: 10.1016/j.cpc.2005.09.010.

[29] Y. Shen, N. Jia, N. Wong, and E. Y. Lam. “Robust Level-Set-Based Inverse
Lithography”. Optics Express 19 (6) (2011), pp. 5511–5521. doi:
10.1364/OE.19.005511.

[30] X. Klemenschits, S. Selberherr, and L. Filipovic. “Modeling of Gate Stack
Patterning for Advanced Technology Nodes: A Review”. Micromachines 9 (12)
(2018). doi: 10.3390/mi9120631.

[31] P. Mistani, A. Guittet, D. Bochkov, J. Schneider, D. Margetis, C. Ratsch, and
F. Gibou. “The Island Dynamics Model on Parallel Quadtree Grids”. Journal of
Computational Physics 361 (2018), pp. 150–166. doi: 10.1016/j.jcp.2018.01.054.

[32] H. Yasuda, M. Orii, K. Izui, T. Yamada, S. Nishiwaki, and M. Suzuki.
“A Wavelength Selective Emitter Design Method Using Hyperbolic Tangent
Level Set-Based Shape Optimization”. Optics Communications 463 (2020),
p. 125405. doi: 10.1016/j.optcom.2020.125405.
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[134] M. Quell, G. Diamantopoulos, A. Hössinger, S. Selberherr, and J. Weinbub.
“Parallel Correction for Hierarchical Re-Distancing Using the Fast Marching
Method”. Advances in High Performance Computing, Studies in Computational
Intelligence. Vol. 902. 2020, pp. 438–451. doi: 10.1007/978-3-030-55347-0 37.

[135] B. Engquist and S. Osher. “Stable and Entropy Satisfying Approximations for
Transonic Flow Calculations”. Mathematics of Computation 34 (149) (1980),
pp. 45–75. doi: 10.1090/S0025-5718-1980-0551290-1.

[136] J. A. Sethian. Level Set Methods and Fast Marching Methods. Vol. 3. Cambridge
University Press, 1999. isbn: 9780521645577.

[137] B. M. G. Crandall and P. L. Lions. “Two Approximations of Solutions of
Hamilton-Jacobi Equations”. Mathematics of Computation 43 (167) (1984),
pp. 1–19. doi: 10.1090/S0025-5718-1984-0744921-8.

[138] S. Osher and C.-W. Shu. “High-Order Essentially Nonoscillatory Schemes for
Hamilton–Jacobi Equations”. SIAM Journal on Numerical Analysis 28 (4)
(1991), pp. 907–922. doi: 10.1137/0728049.

[139] R. Courant, K. Friedrichs, and H. Lewy. “Über die partiellen
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and J. Weinbub. “The Level-Set Method for Multi-Material Wet Etching and
Non-Planar Selective Epitaxy”. IEEE Access 8 (2020), pp. 115406–115422.
doi: 10.1109/ACCESS.2020.3004136
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