Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

DISSERTATION

Advanced Modeling of
Strained CMQOS Technology

ausgefiihrt zum Zwecke der Erlangung des akademischen Grades
eines Doktors der technischen Wissenschaften

eingereicht an der Technischen Universitat Wien
Fakultat fiir Elektrotechnik und Informationstechnik
von

STEPHAN-ENZO UNGERSBOCK

E—

Wien, im April 2007




“yaylolgig Usiph N.L 1e uld Ul sjgejrene si SISay [210100p SIYl JO UoisiaA Jeulblio panoidde ay 1 < any a3pajmou| InoA
“regBnpian yayiolgig UsIpn NL Jop ue 1sI uoneuassiq Jasalp uoisiaAfeulblO aponipab ausiqoidde aiq V_UF_H.O__Q_M



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Kurzfassung

ICHTIGE Hersteller von Mikroprozessoren verbessern seit der Einfithrung der 90 nm-

Technologien die Transporteigenschaften von Silizium durch den Einsatz von Techniken,
die mechanische Spannungen im Transistorkanal induzieren. Die géngigsten dieser neuen Tech-
niken, die entweder globale oder lokale Verspannungen am Silizium Wafer einprigen, werden in
dieser Arbeit behandelt.

Waihrend sich bisher theoretische Arbeiten fast ausschliefSlich mit biaxial verspanntem Silizium-
substrat mit {001} Orientierung beschéftigten, sind die physikalischen Ursachen der Verbesse-
rung der Elektronenbeweglichkeit durch uniaxiale Verspannung noch nicht zur Génze geklért.
In dieser Arbeit wird der Einfluss allgemeiner homogener Verspannung — beschrieben durch den
Spannungstensor é — auf den Bulk-Transport und die Oberflichenbeweglichkeit von Silizium un-
tersucht. Als Grundlage der Analyse dient die Bandstruktur von verspanntem Silizium, welche
einerseits numerisch mittels der nicht-lokalen empirischen Pseudopotentialmethode mit Spin-
Bahn Kopplung und andererseits analytisch mit Hilfe der stérungstheoretischen k - p Methode
berechnet wird. Zusétzlich zur Verschiebung der Leitungsbandtéler relativ zueinander 148t sich
aus den Berechnungen der Bandstruktur eine Anderung der effektiven Elektronenmassen ablei-
ten. Diese kann auf die Aufhebung der Entartung der zwei untersten Leitungsbénder im X-Punkt
zuriickgefiithrt werden, die von einer Scherspannung hervorgerufen wird. Mittels der k-p Methode
werden auch analytische Gleichungen zur Beschreibung der Massenénderung hergeleitet.

Die Beweglichkeit in verspanntem Silizium wird durch das Losen der Boltzmanngleichung mit
Hilfe einer Monte Carlo Methode berechnet, der sowohl eine analytische Bandbeschreibung
als auch die numerisch berechnete Bandstruktur zugrunde gelegt werden kann. Es zeigt sich,
dass nur im Fall von kleinen Scherverspannungen (< 0.5%) die Beweglichkeit bei niedrigen
Feldstéirken aus Monte Carlo Simulationen mit einer analytischen Beschreibung der Bandstruk-
tur mit den Simulationsergebnissen iibereinstimmen, die die numerische Bandstruktur verwen-
den. Dies unterstreicht die Wichtigkeit die gesamte Bandstruktur einer genauen Modellierung
des Ladungstriagertransports in verspannten Silizium zugrunde zu legen.

Durch das Aufkommen der Hybrid-Orientation Technologie haben die Substratorierungen {110}
und {111} an Bedeutung gewonnen. Da eine mechanische Verspannung zu einer Anisotropie
der Ladungstriagerbeweglichkeit fiihrt, muss die Verspannung auf die Richtung des Kanals und
die Substratoberfliche abgestimmt werden, um den grofiten Beweglichkeitszuwachs zu errei-
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chen. Um die Auswirkungen der Verspannung auf die Oberflichenbeweglichkeit zu bestimmen,
wird die Subbandstruktur durch selbstkonsistentes Losen der Schrodinger-Gleichung und der
Poisson-Gleichung berechnet. Im zweidimensionalen Elektronengas bewirkt die Scherspannung
eine energetische Verschiebung der Subbandleitern und eine Anderung der effektiven Massen.
Beweglichkeitssimulationen zeigen, dass durch die inh#drente Aufspaltung der Subbédnder bei
starker geometrischer Quantisierung, wie etwa bei Diinnschichttransistoren, die Anderung der
effektiven Masse gegeniiber der Verschiebung der Subbandleitern an Bedeutung gewinnt.

Des Weiteren wird in dieser Arbeit der Einfluss des Pauli-Verbots auf den Elektronenladungs-
triagertransport untersucht. Dies ist vor allem im zweidimensionalen Elektronengas von Bedeu-
tung, wo das Fermi-Niveau bei starker Inversion deutlich iiber dem Minimum des untersten
Leitungsbandes liegt.
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Abstract

TARTING with the introduction of the 90 nm CMOS technology node many important mi-

croprocessor manufacturers improve the transport characteristics of silicon using techniques
that induce strain in the transistor channel. The most common techniques that produce strain
globally or locally on the wafer are being reviewed in this work.

While most theoretical work has been performed for biaxially strained Si with {001} substrate
orientation, a thorough theoretical analysis of electron mobility enhancement in arbitrarily
strained Si is missing. In this work the effect of a general homogeneous strain — described by the
strain tensor € — on the transport in bulk Si and Si inversion layers is analyzed. The band struc-
ture of strained Si is calculated numerically using the empirical pseudopotential method with
nonlocal and spin-orbit corrections. The results of band structure calculations reveal that shear
strain changes the effective electron masses in addition to the splitting of the six A-valleys. The
effective mass change can be attributed to the lifting of the degeneracy of the two lowest con-
duction bands at the X-point due to shear strain. Using the k-p method analytical expressions
for the effective mass change are derived.

The transport properties of strained Si are investigated by solving the semiclassical Boltzmann
equation using the Monte Carlo (MC) method employing fullband and analytical band models.
The low-field electron mobility resulting from MC simulations using an analytical description of
the electron bands and the fullband description coincide only for not too high shear strain (<
+0.5%). At larger shear strain the band deformation is so pronounced, that fullband modeling
is required.

The hybrid-orientation technology combines different silicon substrate orientations and channel
directions on the same wafer and can be used in conjunction with strain techniques. Since strain
yields an anisotropic mobility, the proper channel direction and substrate orientation have to be
chosen to obtain the maximum mobility enhancement. The effect of strain on the inversion layer
mobility of electrons is investigated by calculating the subband structure using a self-consistent
Schrodinger-Poisson solver. In the two-dimensional electron gas shear strain results in a shift
of the subband ladders and a change of the effective electron masses. From simulations of the
effective electron mobility in ultra-thin-body MOSFETS it can be concluded that the change of
the effective masses is the dominant effect leading to mobility enhancement, since the strong
geometrical confinement yields a large intrinsic splitting of the subband ladders, such that an
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additional splitting induced by strain has only a little effect.

The effect of degeneracy both on the phonon-limited mobility and the effective mobility including
surface-roughness scattering is studied using a new MC algorithm developed in this work. By
comparison with results from MC simulations where the Pauli exclusion principle is neglected,
it is shown that a correct treatment of degenerate carrier statistics of the 2DEG of Si inversion
layers is important.
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Chapter 1

Introduction

For more than two decades the rapid progress in complementary metal-oxide-semiconductor
(CMOS) technology was accompanied by a tremendous pace of scaling, leading to an enor-
mous increase of the speed and functionality of electronic devices. This trend is expected to
continue in the coming decade as predicted and institutionalized by the International Technology
Roadmap for Semiconductors [SIA0G].

The end of scaling has often been predicted in the past, but engineers’ ingenuity has regularly
proven wrong these predictions [Haensch06]. Two remarkable failures involve a predicted limit
for spatial resolutions of about 400 nm imposed by lithography [Hoeneisen72, Wallmark75] and
a lower bound of 3 nm for the gate oxide thickness, below which an unacceptable gate leakage
current was expected [Hu96, Stathis98|.

However, when examining high-performance devices in recent technology generations, early signs
of scaling limits can be seen. Even though potential brick walls for scaling have been overcome,
it is becoming increasingly difficult to meet metal-oxide-semiconductor field-effect transistor
(MOSFET) performance gains with reasonable device leakage. To obtain the projected perfor-
mance enhancement of 30% per generation, device designers have been forced to relax the device
subthreshold leakage from one nA/pm for the 250 nm node to several hundreds of nA/pm for
the 65 nm node [Chang03]. Consequently, the gate leakage current constitutes a significant por-
tion of the power budget of microprocessors. Another critical scaling issue involves the increase
of the source-drain series resistance resulting from the need for ultra-shallow p-n junctions in
the source-drain region [Skotnicki05]. To keep the source-drain series resistance at a reason-
able fraction of the total channel resistance (~10%), several alternative MOSFET structures
have been proposed, such as non-overlapped gate structures, which do not require ultra-shallow
source-drain junctions [Boeuf01, Lee02], or structures with metallic source and drain electrodes
to minimize the series resistance [Connelly03, Fritze04, Zhu04].

In the present time the scaling of the gate oxide thickness has halted [Haensch06]. Advanced
single gate structures, such as FinFETSs, ultra-thin-body (UTB) MOSFETS, or multiple gate
MOSFETSs might provide a path to scaling CMOS to the end of the ITRS roadmap. Additionally,
the material properties of a device are now being included in the scaling analysis. For example,
the permittivity constant of the gate insulator has only slightly participated in scaling in the
past. This is expected to change with the introduction of metal gates and hafnium-based high-x
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INTRODUCTION

dielectrics in the 45 nm technology node, which will be in mass production this year [Intel07].

Another parameter not included in scaling in the past was the mobility of the channel material.
This fact was especially critical, since mobility tends towards lower values due to higher vertical
fields in down-scaled MOSFET devices. With the 90 nm technology node strain techniques have
been introduced that efficiently increased the transistor drive current by enhancing the mobility
of carriers in the channel [Rim02, Thompson04].

Strain engineering is a key element in current CMOS technologies and is widely believed to
take a key position also in the future, since the benefits caused by mobility enhancement in the
channel are comparatively big [Thompson06]. Furthermore, it has been demonstrated that this
technology can also be used in non-classical CMOS structures [Rim03, Andrieu06]. For example,
the advantages of a UTB MOSFET, such as the better electrostatic control of the channel by
the gate in the off-state, can be combined with enhanced carrier transport provided by strain.
Therefore, increasing emphasis is put on this technology to enhance chip performance. Since
the maximum performance enhancement this new technology can deliver is still not known, it is
convenient to do numerical simulations with accurate physical models in order to gain a better
understanding of the underlying mechanisms responsible for the observed mobility enhancement.
In this thesis, the effect of strain on the band structure of silicon (Si) and the electron mobility
enhancement in bulk MOSFETs and UTB MOSFETSs is analyzed numerically.

The thesis is organized as follows: In Chapter 2 the reader is introduced to the short but
versatile history of CMOS strain engineering. After reviewing the most important global and
local strain techniques, several state-of-the-art technologies are outlined. In Chapter 3 the
bulk band structure of strained cubic semiconductors is discussed. A k-p method capturing the
effect of strain on the lowest conduction band of Si is developed. Additionally, the adaptation of
the empirical pseudopotential method (EPM) including spin orbit coupling to incorporate strain
effects is presented. In Chapter 4 the subband structure of strained Si inversion layers formed
at Si-SiOg interfaces with various substrate orientations is discussed. The subband energies and
the wave functions of Si inversion layers are obtained by a self-consistent solution of the Schro-
dinger equation and the Poisson equation. Chapter 5 is dedicated to the numerical modeling
of mobility. The transport properties of strained Si are investigated by solving the semiclassical
Boltzmann equation using the Monte Carlo (MC) method. The models for the scattering mech-
anisms used in the MC simulations of bulk Si and Si inversion layers are given. Additionally,
a MC method that includes degeneracy effects for small driving fields is presented. Simulation
results are summarized in Chapter 6. The analytical band structure obtained from the k-p
theory is compared to numerical calculations using the EPM. The subband structure of strained
Si inversion layers is presented for various strain configurations and substrate orientations. The
simulation results for the bulk electron mobility of strained Si are compared to measurements
and to phenomenological mobility models based on the piezoresistance coefficients. The electron
mobility is calculated using the MC method employing fullband (FBMC) and analytical band
models (ABMC). A comparison of the results allows the extraction of the limits of validity of
the analytical band model. Finally, the effect of strain and degeneracy on the effective mobility
in Si inversion layers for (001) and (110) substrate orientation is presented and the influence of
the Si body thickness on the effective mobility in ultra thin body MOSFETs is discussed.
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Chapter 2

Strain Engineering

The influence of strain on the intrinsic mobility of Si was first investigated in the early 1950’s
[Hall51, Smith54]. While this effect was not exploited initially, the idea was revived in the
early 1990’s [Fitzgerald91]. In 1992 it was first demonstrated that n-channel MOSFETSs on
a strained Si substrate exhibit a 70% higher effective mobility (ueg) than those on unstrained
substrates [Welser92, Welser94]. Ever since semiconductor industry has adopted several different
technologies to introduce strain in the channel of a MOSFET.

Strain technologies are based on mechanically stretching and/or compressing the Si crystal lat-
tice by various means. Innovative techniques introducing stress in the Si channel have been
developed, which require only small modifications of some process steps, thus keeping the addi-
tional costs small. At the same time the integrability of strained Si in the CMOS manufacturing
process flow is retained.

A classification of strain techniques into two categories is possible. Strain is introduced across
the entire substrate in global strain techniques, whereas local techniques induce strain in selected
regions of the wafer. Some of the most prominent strain technologies that are currently used
in industry are given in Figure 2.1. A key challenge of all technologies is their ability to be
integrated into the CMOS manufacturing processes and to avoid significant increase in processing
costs. In this chapter several strain technologies and the current progress in high-mobility
strained MOSFETSs are reviewed.

2.1 Global Strain Techniques

Most of the pioneering work on strained Si was focused on biaxial global strain generated by
epitaxial growth of a thin Si layer on a relaxed SiGe virtual substrate [Welser92, Welser94].
Because of the lattice mismatch between Si and SiGe, the lattice of the Si layer is biaxially
tensile strained in the plane of the interface. On {001} oriented substrates this deformation
results in enhanced carrier transport in the strained Si layer, and mobility enhancements of 110%
for electrons and 45% for holes have been demonstrated on sub-100 nm strained Si MOSFETSs
[Rim02].
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Figure 2.1: Classification of strain technologies.

Using layer transfer and wafer bonding techniques, global strain can also be integrated on
SOI substrate (see Figure 2.2). Electron and hole mobility enhancement comparable with the
enhancement of wafers without the insulating layer were observed in ultra-thin strained Si layers
on SiGe on insulator (SSGOI, Figure 2.2b) [Cheng01, Ghyselen04, Sadaka04, Andrieu06| and
strained Si layers directly on insulator (SSDOI, Figure 2.2¢) [Huang01, Rim03].

Technologies using ultra thin strained Si directly on insulator (SSDOI) are especially promising,
since in those structures the SiGe layer is eliminated before transistor fabrication, hence critical
process-integration problems related to the SiGe layer can be avoided. Among the difficulties of
SSGOT are:

e An enhanced diffusion rate of dopants (B, As) in SiGe [Uppal04].

e Significant device self-heating is observed in SSGOI devices because of the lower thermal
conductivity of SiGe [Rim00].

e SiGe strain relaxation induces a high density of defects in the neighboring strained Si layer
[Fitzgerald91].

e The thermal budget window for SGOI is smaller due to Ge up-diffusion from the underlying
SiGe layer [Cheng01].

Lately, an alternative back-end approach was proposed, where strain is introduced after the
wafer has been completely processed [Belford01, Haugerud03]. The process starts with thinning
the processed wafer to less than 10 ym, transferring it to a polymer film and then mechanically
straining the Si membrane. This technique allows the introduction of biaxial and uniaxial strain
parallel to the substrate surface without inducing defects in the Si layer. Within the elastic
limit, the wafer can be safely mechanically strained and then bonded to a final substrate. At
ultra-low strain levels (0.031%), holes in p-channel MOSFETSs showed an increase in effective
mobility peg of 14.35% and an enhancement in saturation current of 14.56%. An improvement
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2.2 Local Strain Techniques

Si Substrate Si Substrate Si Substrate

a) b) c)

Figure 2.2: Schematic plot of strained Si MOSFETSs using global strain: a) strained Si on SiGe
on bulk wafer; b) strained Si on SiGe on insulator (SSGOI); ¢) strained Si directly
on insulator (SDGOI).

in mobility of 18.49% and in saturation current of 18.05% was observed for n-channel MOSFETs
strained by 0.052% [Haugerud03]. This relatively new method is promising as it is cost effective,
however some yield and reliability issues have to be resolved before it can be used for full-scale
IC manufacturing [Bera06].

A major drawback common to all global strain techniques for CMOS technology is that they
can provide only one type of strain. Since the mobilities of electrons and holes are differently
affected by strain, a global strain configuration, for example, compressive biaxial strain, can be
beneficial for p-channel MOSFETSs, but deteriorate the n-channel MOSFET performance. This
problem is circumvented by local strain techniques, which are able to provide different strain
patterns in n-channel- and p-channel MOSFETsS.

2.2 Local Strain Techniques

Various CMOS fabrication processes can be exploited to induce strain in the transistor channel
(see Figure 2.1). Since these processes generate local strain that depends on the position in the
MOSFET channel, techniques based on process-induced strain are frequently called local strain
techniques.

Starting from the late 1990’s effects related to local stress arising from various process steps on
the performance of MOSFETSs were investigated. It was found that mainly the following process
steps are responsible for stress in the transistor channel:

e shallow trench isolation (STI) [Scott99, Matsumoto02]
e silicidation at the source/drain region [Steegen99]

e nitride contact etch stop liners (CESL) [Ito00, Shimizu01]

Even though process-induced strain initially was not able to provide as large strain levels as
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global strain, the local techniques enjoy three main advantages: (i) strain can be indepen-
dently tailored to optimize performance enhancement for both n-channel- and p-channel MOS-
FETs, (ii) the threshold voltage shift is smaller in uniaxially stressed MOSFETs [Lim04], and
(iii) local stress techniques are cheaper and more compatible with standard CMOS technology
[Khamankar(04].

The main challenge is to optimize process modules so as to maximize beneficial effects from
stressors while minimizing negative side effects. A drawback of process-induced strain tech-
niques is their strong device geometry dependence, making their scaling behavior less predictable
[Eneman05].

Four important stress-transfer techniques will be discussed in the following: (i) the contact etch
stop liner technique (CESL); (ii) the stress memorization technique (SMT); (iii) a technique
based on selective epitaxial growth (SEG) of the source/drain regions, and (iv) stress from
shallow trench isolation (STI).

2.2.1 Contact Etch Stop Liner Technique

In this technique a highly stressed liner is uniformly deposited on top of the wafer after the
silicide formation, transferring the stress from the liners to the channel. The stress-transfer
depends on the thickness and the material properties of the liner [Ito00]. Tensile liners have
been reported to improve the saturated drive current of n-channel and p-channel MOSFETSs by
11% and 20%, respectively [Yang04].

If one single liner is used, only one type of stress can be introduced in both the n-channel and the
p-channel MOSFET. As a consequence, similar to global strain techniques, just one transistor
type is enhanced while the other might even be degraded. In order to achieve performance
enhancement in both n-channel- and p-channel MOSFETS, two types of stress liners have to be
processed. In a dual stress liner (DSL) process a highly compressive nitride is deposited on top
of the p-channel MOSFET, whereas a highly tensile nitride is deposited on top of the n-channel
MOSFET [Sheraw05, Yang04].

SizNiy layers with more than 2.0 GPa tensile and 2.5 GPa compressive stress have recently been
reported. These films introduce more than 1.0 GPa stress in the MOSFET channel [ArghavaniO6]
being comparable in magnitude to stress-induced by selective epitaxial growth techniques (see
Section 2.2.3).

2.2.2 Stress Memorization

In a process using the stress memorization technique the conventional spike anneal for dopant
activation is performed after the deposition of a tensile stressor capping layer [Khamankar04,
Ota02, Chen04, Horstmann05]. This layer is subsequently removed before the salicide process.
Even though the stressor nitride layer is removed from the final structure, the stress has been
transferred from the nitride film to the channel during annealing and is memorized during
re-crystallization of source/drain and the poly gate amorphized layers. Improvements of the
on-current up to 15% were reported for n-channel MOSFETS using this technique [Chan05].
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2.3 Strain Technologies used in High Volume Production

Compressive SiN

n-channel MOSFET

p-channel MOSFET

Figure 2.3: Combination of epitaxial source/drain regions and stress liner to induce compres-
sive uniaxial stress for the p-channel MOSFET and tensile uniaxial stress for the
n-channel MOSFET.

2.2.3 Selective Epitaxial Growth Technique

Uniaxial stress can be introduced into the channel of a MOSFET by selectively growing a
local epitaxial film in the source and drain regions of the transistor. Large uniaxial stress can
be created using this technique, originating from the difference of the lattice constants in the
channel region and source/drain region. For this purpose, first the source and drain regions are
etched, creating a recess area. Afterwards, this recess is filled by epitaxy. Alternatively, the
epitaxial film can be directly grown on top of source and drain without previously etching these
regions [Chidambaram06].

The level of stress depends on the thickness of the epitaxial layer and the lattice constant
mismatch. Epitaxially grown SiGe is used to induce uniaxial compressive stress in p-channel
MOSFETSs [Thompson(4, Eneman05, Horstmann05, Ouyang05, Bai04, Ouyang05, Zhang05]. In
the same manner, tensile stress can be induced in the n-channel MOSFET by using Si;_,C,
stressors with molefractions around 1 % [Ang04]. Sip.9oCo.01 was found to induce the same
amount of stress as Sip75Gep.25 [Ang05]. It was recently reported that for n-channel MOSFETs
the implementation of the Sip9s7Coo13 source/drain regions provide significant drive current
enhancement of up to 50% at a gate length of 50 nm [Chui07].

2.2.4 Stress from Shallow Trench Isolation

In sub-micron technologies with small active area, the mechanical stress induced from shallow
trench isolation (STI) cannot be neglected [Wang03]. STT can induce lateral (parallel to the
channel) and transversal mechanical stress (in the width direction of transistor). A reduction of
the transistor width amplifies the compressive stress in the channel induced by STI, which was
shown to yield an increase of the hole mobility [Chan03].

2.3 Strain Technologies used in High Volume Production

Since the local strain approach turned out to be more promising for industrial applications, the
first strain technologies used in high volume production were developed on the basis of uniaxial
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process-induced stress.

Starting from the 90 nm node, companies such as IBM [Ouyang05], Intel [Thompson04], Texas
Instruments [Chidambaram06], and Freescale [Zhang05], incorporated the selective epitaxial
growth technique to transfer uniaxial compressive stress into the Si channel by growing a local
epitaxial film of SiGe in the source and drain region of p-channel MOSFETs. Depending on the
proximity of the SiGe to the channel and the Ge content, 500-900 MPa stress is created in the
channel [Mohta05]. Using this technique impressive saturation drain current enhancement up to
20%—25% have been demonstrated for p-channel MOSFETSs [Thompson04, Zhang05]. A tensile
Si nitride-capping layer is used to introduce tensile uniaxial strain into the n-channel MOSFET,
which enhanced the drive current by 10% [Thompson04].

Alternatively, a less complex technique was jointly developed by AMD and IBM [Yang04]. Com-
pressive and tensile capping layers grown on top of the transistors were used as local stressors
instead of epitaxial films in the source and drain region [Pidin04, Sheraw05]. Si nitride (Si3Ny)
was found to produce either tensile or compressive strain depending on its deposition conditions.
During the process, a highly tensile Si nitride layer is first deposited using thermal chemical va-
por deposition over the entire wafer. This layer is afterwards etched away selectively from the
p-MOS active areas. A compressive SigNiy layer is then deposited using plasma-assisted chemical
vapor deposition. Then the nitride layer on the n-channel transistors is etched away, resulting
in wafers with n-channel transistors under tensile and p-channel transistors under compressive
uniaxial strain. This dual stress liner (DSL) approach resulted in drive current enhancement of
11% (20%) for n-channel (p-channel) MOSFETSs [Yang04].

In future CMOS technology nodes various strain techniques may be combined to yield even larger
strain levels, as shown in Figure 2.3. P-channel MOSFETSs with selective SiGe epitaxial layers
providing compressive strain, and n-channel MOSFETSs that are uniaxially strained by tensile
cap films have been successfully combined on the same wafer recently [Jan05]. An optimized
stress integration on SOI CMOS was presented by [Horstmann05]|, where an embedded SiGe
process and a compressively stressed liner film were used to induce compressive strain in the
p-channel MOSFET, whereas a stress memorization process and a tensile stressed liner film were
used to induce tensile strain in the n-channel MOSFET. With optimization, the different stress
techniques were shown to be highly compatible and additive to each other, improving p-channel
and n-channel MOSFET saturation drive current by 53% and 32%, respectively.

2.3.1 Hybrid Orientation Technology

An alternative approach yielding mobility improvement in Si exploits the dependence of the car-
rier mobility in Si inversion layers on the crystal orientation and on the current flow direction.
For example, for holes the mobility is 2.5 times higher for (110) surface orientation than for stan-
dard (001) orientation depending on the applied effective vertical field. In the hybrid orientation
technology (HOT), which is based on wafer bonding techniques and selective epitaxy, the larger
carrier mobility of holes for (110) oriented substrate is exploited to enhance the performance of
p-channel MOSFETs [Ouyang05, Yang06, Sheraw05]. HOT seems promising because processes
are directly compatible with existing CMOS technology and strain engineering.
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2.3 Strain Technologies used in High Volume Production

[110]

[100]

[110] [001]

(001) substrate transistor alignment (110) substrate

Figure 2.4: Crystallographic directions on the (001) and the (110) substrate. Conventionally,
MOSFET channels are aligned along the (110) direction on (001) substrate. High-
est electron mobility is obtained on (001) substrate, highest hole mobility on (110)
substrate with channel direction (110).
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Chapter 3

Strain Effects on the Bulk Band
Structure

HE band structure describes the states of energy in the crystal momentum space that

electrons and holes are allowed to have. It presents the electronic dispersion relation under
the influence of the potential of the solid. The band structure determines several important
characteristics, in particular its electronic and optical properties.

In this chapter, first the basic physical definitions are introduced, such as the strain and stress
tensors and how they are related in cubic semiconductors (Section 3.1 to Section 3.3).

The vast majority of semiconductors of interest for electronic and optoelectronic applications
have a diamond structure with an underlying face centered cubic (fcc) lattice consisting of two
atoms per basis. The basic properties of the diamond structure and the band structure of relaxed
Si are presented in Section 3.4.

The symmetry of the crystal in real space is directly reflected in the symmetry of the band
structure in momentum space. Using group-theoretic methods many properties of the band
structure can be obtained from these symmetries. Section 3.5 is devoted to the effect of strain
on the symmetry of the diamond structure. Special focus is put on the consequence of the
strain-induced reduction of symmetry for band structure calculations.

Hereafter, three different methods of calculating the effect of strain on the band structure are
presented:

e Historically, the first approach was developed by Bardeen and Shockley and is known as
the deformation potential theory. The perturbation caused by strain is attributed to an
additional Hamiltonian which is linearly proportional to the deformation potential operator
and to strain. First order perturbation theory is used to calculate the effect of strain on
the band structure and analytical expressions for the strain-induced energy shifts of the
conduction- and valence-bands can be obtained. The salient features of this theory and
relevant results are summarized in Section 3.6.

e Strain does not only shift the conduction and valence bands, but also changes the curvature

11
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of the energy bands. In Section 3.7 the main features of the k-p method are briefly outlined,
as this method is able to capture the deformation of the shape of the energy bands under
strain. It is frequently used to model the influence of strain on the valence bands. On
the contrary, the impact of strain on the curvature of the conduction band has often been
neglected. In Section 3.7.2 a k-p analysis capturing the effect of strain on the lowest
conduction band of Si is developed. It shows that shear strain can alter the curvature of
the conduction bands and thus can reduce the effective masses of electrons.

e The empirical pseudopotential method (EPM) [Chelikowsky76] including nonlocal effects
and spin orbit coupling is frequently used to calculate the band structure of semiconduc-
tors, as this method is efficient and requires only a small number of parameters. These
are usually calibrated to match energy gaps and effective masses determined from ex-
periments and are available for a large set of materials [Yu03]. The method can very
naturally be adapted to incorporate strain effects and has been used to investigate the
band structure of biaxially strained Si;_,Ge, grown on Si;_,Ge, for various surface orien-
tations [Fischetti96a, Van de Walle86, Rieger93]. In Section 3.8 it is shown how a general
strain tensor can be taken into account by this method for band structure calculation.
Special focus is put on the orthorhombic distortion of the crystal structure resulting from
uniaxial stress along the [110] direction. This type of stress is used in practice to enhance
the electron mobility in n-channel MOSFETsS.

3.1 Strain

In this section the basic expressions and notations for strain in cubic crystalline solids are
established. A more detailed analysis can be found in textbooks [Bir74, Kittel96, Singh93].
Starting point for the definition of strain in a system is a set of orthonormal vectors x,y and
z embedded in an unstrained solid. These vectors are distorted to x’,y’, and 2’ under the
influence of a uniform deformation

x' = (1 + Exx)x + €xyY + €222,
Y =€yt + (1 + €)Y + €22,
2 =enxteyuyt (1+es)z, (3.1)
where the coefficients ¢;; define the deformation of the system.
For a uniform deformation of a body point originally located at r = rxx+yy+ 22z the displacement
to v’ = xx’ + yy’ + 22’ is defined as
R=r'—r=z(@ —2)+yly —y)+2(z — 2)
= (T€gy + Y€y + 2€22)T
+ (zegy + yeyy + 2€2y)y
+ (weps + yey: + 2€22)2 . (3.2)

More generally, the displacement for a non-uniform deformation can be defined by introducing
a position dependent vector function u(r),

R(r) = ug(r)x + uy(r)y + u.(r)z . (3.3)

12
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3.1 Strain

Figure 3.1: Deformation acting on a orthonormal coordinate system x,y,z yielding the
strained axes «’,%’, and z’.

The vector function u can be related to the local strain, when taking the origin of r close to the
region of interest. A Taylor series of R up to the first order, using R(0) = 0, and a comparison
of the coefficients yields:

EII:%”_z nyz% EzI:%“_I
T z
Ou Ou du
€y = Jz Cw= By €= Pz (3.4)

— Buz _ Buz _ Buz
€rz = 3r Cyz = Ty €2z T 5

Thus, the displacements can be written as €;; = g:J .

Usually, instead of the displacements ¢;;, the strain tensor ¢;; is used to quantify the the defor-
mation of an body in three dimensions. In the case of small deformations, the strain tensor is
known as the Green tensor or Cauchy’s infinitesimal strain tensor, which is defined as

1
€ij = 5 + &) - (3-5)
The diagonal coefficients £;; of this symmetric tensor define the relative change in length in
direction x;, and the off-diagonal terms ¢;; (i # j) are the shear strains, which are related to
the angular distortions.

Frequently, in literature the engineering strains e;; are used which are related to the components
of the strain tensor via

€xz €zy Exz Ezz 26y 2Egs

= 3.6
Ery Eyy €y 2Egy Eyy 26y (3.6)
€z eyz €zz 25:..-'z QEyz Ezz

Here, sometimes the off-diagonal terms of the engineering strains are denoted as v;; = e;; = 2¢;;.
Using the one suffix Voigt notation the six components of the strain tensor can be arranged in

13



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verflgbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

STRAINED BULK BAND STRUCTURE

> Cl'yy

Figure 3.2: Stress components acting on infinitesimal cube.

a vector
(Exzs Eyys €22y 2642, 2642, 264y) = (€1, €2, €3, €4,€5,€6) . (3.7)

This notation is convenient when writing Hooke’s law in cubic semiconductors as will be seen
later.

3.2 Stress

Within a body the forces that an enclosed volume imposes on the remainder of the body must
be in equilibrium with the forces upon it from the remainder of the body. This principle was
first enunciated by Cauchy and provides a path to calculate stress. The stress at a point may be
determined by considering a small element of the body enclosed by areas AA, on which forces
AF act. By making the element infinitesimally small, the stress vector o is defined as the limit

I AF dF
TAASOAA  dA
From Figure 3.2 one can observe that the force acting on a plane can be decomposed into a force
within the plane, the shear components, and one force perpendicular to the plane, the normal
component. The shear stress can be further decomposed into two orthogonal force components
giving rise to three total stress components acting on each plane.

o (3.8)

Thus, the stress on an infinitesimally small element can be characterized by nine stress com-
ponents in total, namely three normal and six shear components. These components form the
stress tensor

Ozz Ozy Ozz

U'yz 1 (3‘9)

Ozz Oyz Ozz
where the shear stress components across the diagonal are identical as a result of static equilib-

rium

Opy = Oyzx 3, Oyz =0zy , Ozzx = 0Ogz.
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3.3 Stress-Strain Relations

Silicon Germanium Units

c11 166.0 126.0 GPa
C12 64.0 44.0 GPa
C44 79.6 67.7 GPa

Table 3.1: Elastic stiffness constants of Si and Ge [Levinshtein99].

3.3 Stress-Strain Relations

A mathematical expression of the stress-strain relation for the elastic deformation of materials
was first suggested by Robert Hooke

F=ku. (3.10)

Here, F' is the applied force, u is the deformation of the elastic body subjected to the force
F', and k is the material dependent spring constant. Cauchy generalized Hooke’s law for three
dimensional elastic bodies

oij = Cijri€kl » (3.11)

where Cjjp is the elastic stiffness tensor of order four, which contains 81 entries. The number of
components can be reduced invoking symmetry arguments [Kittel96]. For a cubic semiconductor
such as Si, Ge or GaAs, there are only three independent components, namely c11, c12, and cy4.
The elastic stiffness constants for Si and Ge are given in Table 3.1.

Exploiting the symmetry of a cubic semiconductor the elastic stiffness tensor can be written as
a 6 X 6 matrix, and generalized Hooke’s law reduces to a set of six equations

Oz ci1 a2 a2 0 0 0 Exz

Oyy ci2 c11 ci2 0 0 0 Eyy

Oz | _ |12 c12 e 0 0 0 | | ez (3.12)
Oy 0 0 0 ecq O O 2ey,

Oz 0 0 0 0 cyq O 22,

Oy 0 0 0 0 0 e \2u

If the stresses are known, the values for the strains are to be determined by inversion of (3.11).
Introducing the elastic compliance tensor S;j, the inverted equation becomes in the index
notation

€ij = SijklOkl (3.13)
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or in matrix form

Exx siu s12 s12 0 0 0 Oz
Eyy s12 s11 S12 O 0 0 Oyy
€z | _ 512 s12 su 0 0 0 Oz (3.14)
%,- 0 0 0 sy 0 0 Oy
22, 0 0 0 0 s44 O Oz
2,y 0 0 0 0 0 su) \ou

The elastic compliance constants s;; are related to the elastic stiffness constants ¢;; via

< c11 + c12
11 = 5 5

¢y tcuici2 — 2012

—C12

512 = — 3 and

cf1 + crici2 — 2ci

1

Sq4 = — .

C44

Note that the stiffness constants are traditionally represented by the symbol ¢;;, while s;; is
reserved for the compliance constants.

3.3.1 The Miller Index Notation

The Miller indices can be used to specify directions and planes in a crystal [Ashcroft76, Kittel96].
The Miller indices of a plane are defined in the following way: First, three lattice vectors have
to be defined. For cubic crystal systems, the lattice vectors are chosen along the edges of the
crystallographic unit cell (unit cube). Any crystal plane intercepts the axes in certain points.
The Miller indices are the ratios of these points and are given as a triplet of integer values (hkf).
A Miller index 0 means that the plane is parallel to the respective axis. Negative indices are
indicated with a bar written over the number.

In the notation of [Ashcroft76], [hk¢] with square brackets instead of round brackets, denotes
a direction in the basis of the lattice vectors. The notation {hk¢} denotes all planes that are
equivalent to (hk¢) by the symmetry of the crystal. Similarly, the notation (hkf) denotes all
directions that are equivalent to [hk(] by symmetry.

In cubic crystal systems the Miller indices of a plane are the same as those of the direction
perpendicular to the plane.

3.3.2 Strain Resulting from Uniaxial Stress
This section describes the calculation of the strain tensor resulting from a uniaxial stress of
magnitude P along an arbitrary direction.

Analysis begins by adopting a coordinate system (2’4, 2’) in which the 2 axis is parallel to
the stress direction. This system is related to the coordinate system (z,y,z) of the primary
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3.3 Stress-Strain Relations

o

(100) (110) (111)

Figure 3.3: Three planes in the cubic system along with their Miller indices.

crystallographic axes of the semiconductor by a rotation U

cosfcos¢ cosfsing —sin#
U(p) = —sing cos ¢ 0 ) (3.15)
sinfcos¢ sinfsing cosf
where 6 and ¢ are the polar and azimuthal angles of the stress direction relative to the crys-
tallographic coordinate system. In the primed coordinate system, the stress tensor has only

one non-zero component, g,,’ = P. The stress tensor in the crystallographic system can be
calculated from

045 = UaiUﬁjJL\f[@ . (316)

If uniaxial stress is applied along one of the directions [100], [110], [111], and [120], the related
stress tensors in the principal system become:

P 0O P/2 P/2 0
Troo]= |0 0 0 I = | P/2 P/2 0
000 0 0 0
P/3 P/3 P/3 P/5 2P/5 0
ou = | P/3 P/3 P/3 ani20 = | 2P/5 4P/5 0 (3.17)
P/3 P/3 P/3 0 0 0
17
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STRAINED BULK BAND STRUCTURE

By inserting 3.17 in 3.14 the strain tensors can be calculated:

s;i1 O 0 S11+S12 544/2 0
€1100] = Pl o s 0 €1110] = P S44/2  s11+s12 0
0 0 S12 0 0 2812
511+2512 S44/2 S44/2 511+4s12 S44 0
gy = 3 S44/2  S11+2s12  S44/2 20 = 5 S44 s12+4s11 0
S44/2 S4a/2  s11+2812 0 0 5519
(3.18)

In the same manner the strain tensor resulting from a uniaxial stress in general directions [hk/]
can be obtained by applying the proper coordinate transformation (3.15).

3.3.3 Strain Resulting from Epitaxy

In techniques using global strain, biaxial strain is induced in the Si layer by epitaxial growth
on a relaxed virtual substrate with different lattice constant. The strain tensor depends on the
mismatch of the lattice constants and on the substrate orientation. The strain in the plane of
the hetero-interface can be determined from the lattice mismatch

s — QAo

el = a0 , (3.19)

where ag = 5.431 A is the lattice constant of Si [Levinshtein99] and a; that of the substrate
layer.

The strain tensor for arbitrary substrate orientations can be calculated according to [Hinckley90)
and is given here for some frequently used substrate orientations:

10 0
ooy =€) [0 1 20
C12
00 —=
c11
2c44 — C12 a1t 2
c11 + c12 + 2c44 C1§+ c12 + 2cu4
eqny =€) | - c11 + 2c12 C44 — C12
ci1 +ci2+2c44  c11+c12 + 2044
0 0 1
4deyy B c11 + 2c¢19 - c11 + 2c¢12
c11 + 2c12 + 4eqa c11 + 2c12 + 4eaa c11 + 26122-1- 4dcga
- | et 2c19 dcay ot 2c (3.20)
=(11) I c11 + 2c19 + 4caa c11 + 2c120 + 4eyy Cc11 + 2¢12 + 4cyy ’
c11 +%012 c11 + 2c¢12 deyqy

a c11 + 2c12 + 4caa

B c11 + 2ci2 + 4cyq

11 + 2c12 + 4cyq

18
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3.4 Basic Properties of the Diamond Structure

(a) (b)

Figure 3.4: (a) Crystallographic unit cell (unit cube) of the diamond structure. (b) The primi-
tive basis vectors of the face centered cubic (fce) lattice and the two atoms forming
the basis are highlighted.

Here, the elastic stiffness constants, given in Table 3.1, were used. The strain tensor contains
shear components when the Si layer is grown on a (110) and (111) oriented substrate. These
components can take large values. For example, the magnitude of the shear component e, is
larger that 3%, when growing Si on (110) oriented Ge.

3.4 Basic Properties of the Diamond Structure

The structure depicted in Figure 3.4 consists of two basis atoms and may be thought of as two
inter-penetrating face centered cubic (fcc) lattices, one displaced from the other by a translation
of %2(1,1,1) along a body diagonal.

In cubic semiconductors such as Si or Ge the two atoms of the basis are identical and the
structure is called the diamond structure. If the two basis atoms are different, the structure is
called the zine-blende structure. Many III-V semiconductors such as GaAs, AlsAs, InAs, or InP

are of zinc-blende type.

In Figure 3.4 the diamond structure is depicted. The primitive basis vectors and the two atoms
at (0,0,0) and “¢(1,1,1) are highlighted in Figure 3.4b. The basis vectors of the direct Bravais
lattice are

0 1 1
a a ag
a; = ?0 1 s ay = Eﬂ 0 s and ag = ? 1 " (3‘21)
1 1 0

where agp denotes the lattice constant of the relaxed lattice. The lattice is invariant under
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STRAINED BULK BAND STRUCTURE

Figure 3.5: (a) First Brillouin zone of the fee lattice. (b) The inset gives the locations of
certain symmetry points and symmetry lines in the BZ.

translations involving lattice vectors of the form
R,g_;;k =iai + jas + kas , (3.22)

where 7,j and k are integers. In the unstrained lattice the distance from the basis atom at
% (1,1,1) to its four nearest neighbors is given by ap - \/5/4

The basis vectors of the reciprocal lattice b; are obtained from the relation b; - a; = 27d;; as

-1 1 1
bl = 2—?{- 1 ) 62 = 2—?{- —1 ) and bg = Q—ﬂ- 1 . (3.23)
ag g g
1 1 -1

General reciprocal lattice vectors are of the form
Gimn = lb1 + mba + nbs | (3.24)

where [, m, and n are integers.

The first Brillouin zone (BZ) represents the central (Wigner-Seitz) cell of the reciprocal lattice.
It contains all points nearest to the enclosed reciprocal lattice point. The boundaries of the first
BZ are determined by planes which are perpendicular to the reciprocal lattice vectors pointing
from the center of the cell to the 14 lattice points nearest to the origin of the cell at their
midpoints. The 14 faces are

32 2 2 2T
k k k.| = =—— k|l =— k| = — d |k =—. 3.25
el [k ke = 550 ksl =22yl =0, and ke =2 (3.25)

In Figure 3.5a the first BZ is depicted. It has a volume g of 4(27/ag) [Singh93|.

Due to the translational invariance of the lattice the wave functions and the energy bands are
periodic in the reciprocal space and it is sufficient to consider only the first BZ for band structure
calculations [Yu03].
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3.4 Basic Properties of the Diamond Structure

The diamond structure is invariant not only under translations, but also under several other
symmetry operations such as reflections, rotations, or inversion. These symmetry operations are
usually denoted as point operations, since they leave at least one point of the lattice invariant,
which is not the case for translations. The set of all point operations for a particular crystal
structure forms a group which is denoted as point group. The point group of the diamond
structure has 48 symmetry elements which are reflected in the symmetry of the first BZ. A
quick examination (see Figure 3.5) shows that the BZ is invariant under various rotations, for
example 90° rotations about the k., k,, and k. axes and under reflections through certain
planes. A detailed examination of all 48 point symmetries of the unstrained diamond structure
will be given in Section 3.5.2.

The point symmetries of the crystal structure are mirrored in the crystal potential, and hence in
the one-particle Hamiltonian used for band structure calculations. Two important consequences
for the electron band structure arise:

e Wave functions can be expressed in such a form that they have definite transformation
properties under symmetry operations of the crystal. Certain matrix elements of operators
can be shown to vanish and selection rules can be deduced, when classifying the wave
functions according to their symmetry.

e The energy bands possess the full point symmetry of the point group of the crystal [Yu03,
Nowotny98]. The symmetries can be exploited to restrict the band structure calculation
to a fraction of only 1/48th of the first BZ. This fraction is called irreducible wedge of the
BZ.

The irreducible wedge of the fcc lattice is depicted in Figure 3.5b. It has six corners

2 v 2 1 9 %
r="1ol, x=""1|o], L=2"11],
ao ao ap | 2
0 0 %
2 ! 2 % 2 !
™ i ™
=— |1 K=—13 =— |1 2
w AR kAR U aEAE (3.26)
1
0 0 I
connected via symmetry lines
AT — L, A:T— X, S: X —->UK,
»:I'-UK, Q:L—W, Z X =W (3.27)

By convention upper case Greek letters are used for points and lines inside the first BZ, whereas
roman letters denote points and lines on the surface of the first BZ. Here, the points U and K
can be interchanged, since they are equivalent in the reciprocal space (see Section 3.5).

3.4.1 Band Structure of Relaxed Si

The band structure describes the variation of the energy E with the wave-vector k. The valence
bands contain the last filled energy levels at T'= 0 K, whereas the conduction bands are empty
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01

energy [eV]

A T 1a» X UK = T Iy T —x
wave vector k wave vector k

(a) (b)

Figure 3.6: (a) Band structure of Si calculated using the pseudopotential method. The edges of
the valence bands are located at the I' point, the minimum of the lowest conduction
band lies on the A symmetry line close to the X point. (b) Valence band structure
with heavy hole (HH), light hole (LH) and split-off (SO) band along the A and the
A direction.

at T' = 0 K. The band gap Eg.p separates the conduction band from the valence band. The
band structure is usually visualized by plotting E, (k) on symmetry lines, where n denotes the
band index. In Figure 3.6 the band structure of Si is plotted on the symmetry lines given in

(3.27).

The band structure close to the conduction band edge can be approximated by ellipsoidal energy
surfaces and a parabolic energy dispersion E,(k). In Si the conduction band edge is located
near the zone boundary X points along the A symmetry lines. For the conduction band valley
at kmin = r‘;—g([}, 0,0.85) = (0,0, kmin) the energy dispersion reads

211.2 2
o ﬁ?(kz - kmin]2 + h (km + ky)

3.28
2m1 th ( )

¥

where m; = 0.916myg is the longitudinal and my = 0.19mg the transverse mass of Si [Singh93].

Due to the point symmetry of the fee lattice the six directions [100], [100],[010],[010],[001], and
[001] are equivalent. Consequently, there are six conduction band valleys. The constant energy
surfaces of all six equivalent valleys along the principal axes (100) are shown in Figure 3.7. Since
electron transport in unstrained Si involves the electrons moving in all of the six valleys, it shows
little anisotropy, even though there is strong anisotropy in each valley.

The valence band edge is located at the I point, where the heavy hole (HH) and light hole (LH)
band are degenerate. The split-off band (SO) is very close, since the split-off energy is only
44 meV in Si. For very small energies constant energy surfaces can be approximated by

E(k) = —AK? T \/ B2kt + C2(k2k2 + k2K2 + k2k2) . (3.29)

This is the warped band approximation [Yu03]. The warping occurs along the [100] and [111]
directions because of the cubic symmetry of the crystal.
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3.5 Effect of Strain on Symmetry

Figure 3.7: Constant energy surfaces for the lowest conduction band of Si. In unstrained Si
the six valleys along the three principal axes are equivalent.

3.5 Effect of Strain on Crystals with Diamond Structure

Application of strain to a crystal reduces its symmetry. The Bravais lattice basis vectors a;’ of
a crystal under homogeneous strain are obtained by deforming the vectors a; of the unstrained
crystal

ai! - (]]_ —|— é) sy (3.30)

where £ denotes the strain tensor [Bir74]. Not only is the volume € of the strained primitive
unit cell modified

Q)= Qo(L+ pz +Eyy +E22) (3.31)

but also the type of the Bravais lattice may change. The new Bravais lattice is then characterized
by basis vectors which may be different from (3.30). However, the volume of the new primitive
cell always differs from Qg by a factor proportional to the strain, given in (3.31) if the hydrostatic
strain component, €z5 + €4y + €2, is nonzero. The Brillouin zone (BZ) of the strained crystal,
being independent of the specific choice of basis vectors, can always be obtained by a suitable
deformation of the BZ of the unstrained crystal [Bir74].

Generally, the strain tensor (3.5) determines only the deformation of the primitive cell as a
whole, but the relative displacements of the atoms within the cell differ for the atoms forming
the basis. This has no impact on the lattice symmetry but has to be accounted for in band
structure calculations. In Section 3.8.2 it is shown how to take this internal displacement into
account properly.

Points and lines of the BZ can be classified according to their symmetry. For each lattice there are
symmetry operations that leave the lattice and hence the BZ invariant. These operations bring
the BZ into coincidence with itself. In such an operation a specific vector k is not necessarily
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projected onto itself or k + Gy,,,,. For each vector k there exists a set of symmetry operations
« fulfilling

ak=k, or ak=k+ Gy, . (3.32)

The number of symmetry operations a depends on the wave vector k and is denoted as the
symmetry group P(k) of the respective k vector

P(k) = {a|ak =k + G} - (3.33)

Since the unity operation E always fulfills (3.33), the symmetry group P(k) contains one element
at least (« = E). If the symmetry group of a given vector k contains more elements than the
symmetry group of neighboring points, this specific vector k is referred to as symmetry point.

In Figure 3.5b the symmetry points (filled circles) and symmetry lines (open circles) of the fcc
lattice are shown. Strictly, the given points K and U are not symmetry points according to the
definition of (3.33), since they have the same symmetry as the points along the symmetry lines
> and S. Hence, they can be included in these symmetry lines.

Since the center point I' of the BZ is mapped onto itself at any point operation « of the crystal
lattice, all symmetry operations of the lattice are included in the point group P(I"). Thus, this
group determines the shape and volume of the irreducible wedge. The number of symmetry
elements of P(I") determines the volume of the irreducible wedge as [Nowotny98§]

Qirrea = OBz /|P(T)] (3.34)

where |P(I")| is the number of elements of the symmetry group P(T).

3.5.1 Hierarchy of systems

The point group of the unstrained diamond structure is denoted by O, according to the Schonflief3
notation, and contains 48 symmetry elements listed in Table 3.2 [Yu03]. The symmetry elements
are given in terms of rotations and rotations followed by the inversion operation (Ik = —k). The
following notation for the point operations is chosen:

E unity operation

nﬁ clockwise rotation of angle 27 /n around axis ey

n, counter-clockwise rotation of angle 27 /n around axis ey

I inversion

ﬁ,j clockwise rotation of angle 27 /n around axis ey followed by inversion

ny, counter-clockwise rotation of angle 27 /n around axis ey followed by inversion

The rotation axes ey are grouped into five classes:

e; = (1,0,0), (0,1,0), (0,0,1)

en=(0,1,0), (v/3,-1,0), (—V3,-1,0)

€j :(Llal)v ( 17_1a1)7 (1’ 17 )7 ( 17 1a 1)

e, = (1,1,0), (~=1,1,0), (1,0,1), (0,1,1), (—=1,0,1), (0,—1,1)
es = (1,1,0), (—1,1,0)

24



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

3.5 Effect of Strain on Symmetry

point group symmetry elements |P(T)] stress direction
Oy, E 2; 3] 37 2,47 47 12; 3] 37 2, 4f 47 48 unstrained
Dyy, E4f 47 2,2, 14 47 2; 2 16 stress along (100)
Dsq E 3137 2,0 13} 3, 2 12 stress along (111)
Doy, E2,12 8 stress along (110)
Cop, E2,12, 4 stress along (120)
So EI 2 other directions

Table 3.2: Point group and symmetry elements of strained lattices that originate when stress is
applied along various high symmetry directions to an initially cubic lattice Op. The
Schonflie symbol is used to specify the point group. |P(I")| denotes the number of
elements of the point group.

Of all the point symmetry groups P(T") of the crystal lattice, the group Oy, possesses the highest
symmetry. The symmetry group P(I") of the Bravais lattice of the strained crystal is a subgroup
of the symmetry group P(I") of the unstrained crystal and does not generally belong to the same
crystal class as Oy. It contains only those symmetry elements which are preserved under strain.
The effect of a homogeneous strain on the symmetry of the Bravais lattice depends on the specific
form of applied strain.

By successively lowering the symmetry, one can go from Oy to point group Ss on two distinct
paths [Bir74]:

Oy — Dy, — Do, — Cop, — So (3.35)

Oy, — Dsg — Cqp, — So . (3.36)
The symmetry elements of the five specified point groups P(I"), namely Dy, D3g, Dop, Cap, So,
which are subgroups of Oj, are given in Table 3.2. The symmetry can be lowered by distorting
the crystal by applying uniaxial stress. If, for example, stress is applied along a fourfold axis,
the point group Oy reduces to Dyy, which contains only 16 symmetry elements. In Table 3.2

five directions of uniaxial stress are given that yield a direct O, — P(I'") symmetry reduction
for any of the five subgroups of Oy,.

From (3.34) it can be concluded that the higher the point symmetry of the crystal lattice,
the smaller is the volume of the irreducible wedge. In the following, the symmetries of the
band structure and the shape of the irreducible wedge in terms of the irreducible wedge of the
unstrained crystal are given for the crystal systems Oy, Dyp, D3gq, Dop, Cop, and Ss.

3.5.2 O, symmetry
The point group Oy, contains 48 symmetry elements: listed in

e the unity operation,

e clockwise rotation of 180° about the principal axes e; (three operations),
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e clockwise and counter-clockwise rotation of 120° about the four space diagonals (eight
operations),

e clockwise rotation of 180° about the axes e, representing the diagonals on the faces of a
unit cube (six operations),

e clockwise and counter-clockwise rotations of 90° about the principal axes e; (six opera-
tions).

In total these are 24 symmetry operations. Since the symmetry is preserved if any of these
operations are followed by the inversion operation, there are 48 symmetry operations in total.

The 48 point symmetries are reflected in the energy bands and can be shown to leave the energy
bands invariant under the following eight reflections

En(kmvkyvkz) :En(|kx|’|ky|7|kz|) (337)
and six permutations

En(kan kyv kz) = En(k$; k27 ky) = En(kyv kl‘) kz) =
Eo(ky, ko k) = En(ks, ko, ky) = By (ks by, k) - (3.38)

A possible choice for the irreducible wedge of unstrained Si is depicted in Figure 3.5b. It
should be noted that this specific choice is not unique, and other shapes for the irreducible
wedge, reflecting the symmetries of Oy, can be found [Stanley98]. The volume of the specified
irreducible wedge is Qpy/48 in accordance with the relation (3.34).

3.5.3 Dy, symmetry

If stress is applied along a fourfold axis e; of a cubic lattice of symmetry class Oy, the unit cube
becomes a square cuboid (rectangular parallelepiped on a square base), representing the Bravais
parallelepiped belonging to symmetry class Dy, [Bir74]. Note, that Dy, is a member of the
tetragonal crystal system. A similar symmetry reduction is observed, if biaxial strain is present
in a {001} plane. According to Table 3.2 the point group Dy, has 16 symmetry elements, since
only one fourfold axis and no threefold axis remains.

The strain tensor in the principal system yielding a Oy, — Dyp, symmetry reduction has non-zero
elements in the diagonal (e.g. £11 = €92 # £33), whereas all off-diagonal elements vanish.

The symmetry operations yield invariance of the energy bands under reflections
En(ka, ky, kz) = En([kzl, [ky|, |k=]) - (3.39)

and the invariance of the energy bands under the permutation of the indices perpendicular to
the direction of stress. If stress is applied along [100], the energy bands are invariant under the
permutation

En(kam k;yv kz) = En(kxa kz; ky) . (340)

From (3.39) it follows that the bands have to be calculated only in the first octant of the BZ. The
additional symmetry of (3.40) can be exploited to further reduce the volume of the irreducible
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3.5 Effect of Strain on Symmetry

Figure 3.8: Irreducible wedge of the first BZ of a diamond structure stressed along direction
[100].

wedge by a factor of two. For band structure calculation a volume for the irreducible wedge can
be chosen which combines three irreducible wedges of the relaxed crystal in the limit of vanishing
strain. These wedges are depicted in Figure 3.8. They are labeled with a number and can be
transformed into the first irreducible wedge of the relaxed crystal by a symmetry operation

100 010 010
T,=|0 1 0|, To=|1 0 0f, and Ts=]0 0 1]. (3.41)
001 100

The volume of the irreducible wedge depicted in Figure 3.8 is Qpz/16 and thus complies with
relation (3.34).

3.5.4 Dsy; symmetry

Under uniaxial stress along the threefold symmetry axes e; representing the cube diagonals, the
cube of the Oy, lattice becomes a rhombohedron with an arbitrary angle between the edges. The
cubic fec lattice is transformed to a primitive rhombohedral lattice (I” = I';) belonging to the
crystal class Dsy of the trigonal (= rhombohedral) system [Bir74].

Apart from the trivial unity transformation and inversion, the symmetry operations of D3 in-
clude threefold rotations about the direction of stress and twofold rotations around three twofold
axes perpendicular to the threefold axis. All twelve symmetry operations and the resulting in-
variances of the energy band structure are listed in Table 3.3. Note that in this table the Miller
index notation of the cubic lattice is chosen to specify the directions of the axes of rotation,
whereas the directions used in Table 3.2 are given using the Bravais basis vectors of the trigonal
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Figure 3.9: Irreducible wedge of the first BZ of a diamond structure stressed along direction

[111].
lattice:
ar=|_g|, a= g , and az3=| o . (3.42)
3 3 3

These basis vectors are equivalent to those of the fcc lattice when a = (v/3ag)/2 and ¢ = (3ag)/2.

From (3.18) it can be seen that the strain tensor resulting from stress along (111), which yields
a O, — Dg; symmetry reduction, contains equal off-diagonal components €10 = €13 = €93 and
equal diagonal components 17 = €99 = £33. Note that biaxial strain in the {111} plane also
yvields €19 = £13 = £93, and &1 = 99 = £43, hence the same symmetry reduction occurs.

symmetry operation energy symmetry operation energy
E E, (ks ky, k) I En(—kz, —ky, —k2)
3[_111] En(kz, ks, ky) 3&11] En(—ky, —k., —kz)
3511] Eﬂ.(ky: km kz) 3{;11] En(_kw _kz: _ka:)
2[il[l] En(_ky-s —kz, _kz) Q[ill:l] Eﬂ(ky: ke, kz)
2101 En(—kzy —ky, —kz) 2fi01] Er(kz, ky, kz)
2[011] En(_kzs —k., _ky) Q[l:lil] Eﬂ(kl"! ks, II!{"y)

Table 3.3: Symmetry operations leaving the band structure invariant in the Dgy class. The
direction of the rotation axes are given using the Miller index notation of the cubic
lattice.

The twelve involved symmetry operations give rise to a volume of the irreducible wedge of
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3.5 Effect of Strain on Symmetry

Figure 3.10: Irreducible wedge of the first BZ of a diamond structure stressed along direction
[110].

Bz /12, which can be mapped onto four irreducible wedges of the unstrained crystal as shown
in Figure 3.9. The four wedges can be transformed into the first wedge by the symmetry
operations

100 10 0 10 0 1 0 0
T''=1010|:T9=]101 0| .-I3=|0 0 —-1|;andTy=|0 0 -1
001 00 -1 01 0 0 -1 0

3.5.5 Dg, symmetry

The Bravais cube of the crystal class Oy, can be converted to a parallelepiped of the orthorhombic
system belonging to Do in two ways [Bir74]:

1. Dilatation or compression along two of the three fourfold axes e;. This results in a right
parallelepiped with rectangular faces (cuboid). Of the five twofold axes e; and e; of Dy,
only the three e; along the edges of the parallelepiped remain. This symmetry reduction
can be achieved by applying stress of different magnitude along two of the three equivalent
(100) directions, simultaneously. In this case, the strain tensor is given by €11 # €22 # £33
and contains vanishing off-diagonal components.

2. The deformation originates from shearing the unit cube, thus altering the angles between
the basis vectors. The result is a rectangular parallelepiped with rhombic base, which is
also invariant under Dyj,. Of the original five twofold axes e; and e only two (diagonals of
the base) remain. This type of lattice results, when uniaxial stress is applied along (110)
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or from biaxial strain in a {110} plane. The strain tensor has the form

enn €12 0
E=lepe enn O ’ (344)
0 0 €33

where the components of the strain tensor can be related to stress according to (3.18).

This group has only eight symmetry elements (given in Table 3.2). The irreducible wedge with
a volume of Qpz/8 can be mapped onto six wedges of the unstrained lattice in the limit of
vanishing strain.

When dilating or compressing along two of the three fourfold axes e; (case 1), any octant of the
BZ can be chosen as the irreducible wedge. In the presence of uniaxial stress along [110] (case
2) a possible choice for the irreducible wedge is depicted in Figure 3.10. The six wedges labeled
in Figure 3.10 can be transformed into the first wedge by the transformations

1 0 0 1 0 0 0 1
I'y=1o0 1 of-Z>=]0 o0 1]|,-T3=f1 o0 o0f-
0 0 1 0 1 0 0 1 0
1 0 0 1 0 0 0 0 1
T'y=10 -1 o0f,7Ts= 0 , Te= |1 0
0 0 1 0 -1 0 0 -1 0

3.5.6 (5, symmetry

Higher symmetry reduction results from deforming the base of the Bravais parallelepiped of the
orthorhombic system so that the angle between its edges is changed. In this way the invariant
parallelelided of the system Coyy, is obtained from the cubic lattice Oy, [Bir74]. It contains four
symmetry operations given in Table 3.2 with only one twofold symmetry axis.

Uniaxial stress in [120] direction can achieve this kind of symmetry reduction. The strain tensor
has three different nonzero diagonal components and one off-diagonal component

enn €12 0
€= |ew2 2 0 |- (3.45)
0 0 £33
A irreducible volume can be chosen according to Figure 3.11. The volume can be mapped onto

twelve wedges of the unstrained lattice in the limit of vanishing strain. The twelve wedges are
labeled in Figure 3.11 and can be transformed into the first wedge by proper transformations.
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3.6 Linear Deformation Potential Theory

Figure 3.11: Irreducible wedge of the first BZ of a diamond structure stressed along [120].

3.5.7 S; symmetry

Under stress along directions other than those given in Table 3.5 the crystal loses all rotational
symmetries and is invariant only under inversion. The resulting crystal class is So and half of
the BZ must be chosen as irreducible volume for band structure calculation.

3.6 Linear Deformation Potential Theory

Deformation potential theory was originally developed by Bardeen and Shockley [Bardeen50]
and generalized by Herring and Vogt [Herring56]. In an extensive study Bir and Pikus showed
later how to calculate strain effects on the band structure of various semiconductors on the
basis of deformation potentials by applying laws of group theory [Bir74]. In the following a brief
outline of this theory is given before it will be applied to calculate strain-induced energetic shifts
of the conduction band wvalleys of cubic semiconductors.

An additional Hamiltonian attributed to strain, H(£), is defined and its effect on the band struc-
ture is calculated using first order perturbation theory. The matrix elements of the perturbation
Hamiltonian are given by

3
(M)} =) Difeas (3.46)
a,f=1

where ,4 denotes the (af) component of the strain tensor, and DB is the deformation potential
operator which transforms under symmetry operations as a second rank tensor [Hinckley90]. The
additional subscripts (i, ) in D;ﬂ denote the matrix element of the operator D*?. From the
symmetry of the strain tensor with respect to @ and 3 it follows D*® = DP% such that at
maximum six independent deformation potential operators can exist.

In cubic semiconductors the edges of the conduction and the valence band are located on symme-
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try lines which are reflected in symmetries of the energy band structure and of the basis states.
Due to the symmetry of the basis states the deformation potential operator of a particular state
can be described in terms of two or three deformation potential constants [Herring56, Singh93].
The shift of the band edges can be calculated from these deformation potential constants.

In principle the deformation potential constants can be determined numerically using the empir-
ical pseudopotential method (see Section 3.8) or from ab initio calculations. However, it is com-
mon practice to fit deformation potentials to measurements using electrical, optical, microwave
techniques or by analyzing stress-induced indirect absorption edges. Although measurements
seem to verify theoretical predictions, the deformation potentials obtained by different methods
deviate from each other and different values can be found in literature [Fischettid6a].

3.6.1 Strain-Induced Conduction Band Splitting

In this section we give expressions for the strain-induced energy shifts of the nondegenerate
energy levels of the conduction band edges of the cubic crystal class Op,.

At the I' and L point, and along the A symmetry line, the deformation potential operators
DB are scalars and given by one ore two independent constants. Neglecting the strain-induced
splitting of the degenerate conduction bands A; and Ay at the X point for the moment, the
energy shifts of the conduction band edge of valleys along the (100) and (111) direction can be
calculated from two independent deformation potential constants [Balslev66]

OFEY = =qTr(e) + Eﬁa?gai . (3.47)

Here, Z! denotes the dilatation- and =/, the uniaxial deformation potential constant for a valley
of type v = A, L, and a; is a unit vector parallel to the k vector of valley i. The valley shift of
the I, conduction band minimum can be obtained from a single deformation potential constant

SEy =28 Tr(e) . (3.48)

The valley splitting from uniaxial stress along any direction can be obtained from the strain
tensor using the relations above. The strain tensors resulting from uniaxial stress are discussed
in Section 3.3.2. The analytical expressions for the energy shifts of the conduction band valleys
for three stress directions [100], [110], and [111] are given in in Table 3.4.

3.6.2 Strain-Induced Lifting of Degeneracy at X point

In the case of degenerate bands strain does not only shift the band as a whole, but may also split
bands as a result of partial or complete removal of degeneracy upon the reduction of symmetry.
In the diamond crystal structure, the lowest two conduction bands A; and Ay touch at the zone
boundary X due to a special symmetry of the diamond structure, namely the presence of three
glide reflection planes, given by x = a¢/8,y = a¢/8, and z = a¢/8 [Yu03]. For example, the plane
z = ag/8 is a glide plane since diamond is invariant under a translation by % (1,1,0) followed
by a reflection on this plane. Whenever the strain tensor in the crystal system contains a shear
component £, (for example, as a result from stress along the [110] direction), the strained lattice
belongs to an orthorombic crystal system (see Section 3.5.5). The shear component removes the
glide reflection plane z = a(/8 and consequently the degeneracy of the two lowest conduction
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3.6 Linear Deformation Potential Theory

stress direction valley valley direction SE/P
[100] A [100] =2 (s11 + 2s12) + ESs11
A [010][001] ER2(s11 + 2512) + ELs12

L [111][117)[211][111] EE(s11 + 2512) + ZL/3(s11 + 2512)

r [000] =L (511 + 2512)

[110] A [100][010] ED(s11 + 2s12) + 5 /2(s11 + s12)
A [001] EL(s11 + 2s12) + E5s12

L [111)[111] EL(s11 + 2s12) + EL/3(s11 + 2512 + s44)

L [111][111] EL(s11 + 2s12) + EL/3(s11 + 2512 — 544)

r [000] =L (511 + 2812)

[111] A [100][010][001] E8 (511 + 2812) + EL/3(s11 + 2512)
L [111] EL(s11 + 2s12) + EL/3(s11 + 2512 + 2544)

L [T11])[111][111] EX(s11 + 2512) + X /3(s11 + 2512 — 2/3544)

r [000] =L (s11 + 2512)

Table 3.4: Strain-induced energy shifts of the conduction band valleys of cubic semiconductors
when uniaxial stress P is applied along three high symmetry directions. The energy
shifts are divided by P.

bands A; and Ay at the symmetry points X = %(0, 0,4£1) is lifted [Hensel65, Bir74] (compare
Section 3.5.5). It should be noted that the glide reflection symmetry is preserved in biaxially
strained Si layers grown on {001} Si;_,Ge, substrate, as well as in Si uniaxially strained/stressed
along a fourfold rotation axis (100).

From k-p theory (see Section 3.7) including terms of third order Bir and Pikus found that by
lifting the degeneracy at a zone boundary X point a comparatively large change in the energy
dispersion of the conduction band minimum located close to this X point is induced [Bir74].
In Si this effect was verified experimentally by Hensel and Hasegawa [Hensel65], who measured
the change in effective mass for stress along (110), and by Laude [Laude71] who measured the
indirect exciton spectrum.

Equation (3.47) has to be modified as follows when taking into account the lifting of the degen-
eracy of the two lowest conduction bands A; and Ay at the X points 27(0,0,=+1) [Hensel65]

ao

OB o) (&) _sp (€], (3.49)
0By dEo) \& 3
where
0Fy = B3 Tr(e) + Ele.. | (3.50)
(5E1 = Eu’exy = QEu/a?xy . (3.51)
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Here, a new deformation potential =,/ is introduced. The solutions of the eigenvalue problem
(3.49) are

0E =0Ey+ 0B, for &=+¢. (3.52)

Thus, at the X points %(0, 0,+1) the bands shift by an amount of § Ey, which is the shift given
by (3.47). Additionally, the degeneracy is lifted with a splitting of 20 E';. From (3.51) it follows
that the splitting is proportional to the shear strain e, is given by

(Ea, — Ea,) = 20E) = 4564, . (3.53)

X[oo1]

For the shear deformation potential =% a value of 5.7+ 1 eV [Hensel65] has been predicted from
cyclotron resonance experiments. From measurements of the indirect exciton spectrum of Si a

similar value (7.5 £ 2 eV) has been obtained [Laude71].

Figure 3.12 shows the splitting for three levels of strain e,,. The splitting is very pronounced
even for relatively small strain (< 1%). One can also observe that the A; conduction band
is deformed in the vicinity of the symmetry points X = %(0, 0,+£1) due to the lifting of the
degeneracy.

In unstrained Si the constant energy surfaces of the six conduction band valleys have a prolate
ellipsoidal shape, where the semi-axes are characterized by m; and my, denoting the longitudinal
and transverse electron masses, respectively. The minima of the three valley pairs are located
along the three equivalent (100) directions and have the same energies (see Section 3.4.1).

From Figure 3.12 it can be observed that a non-vanishing shear component £;, in the strain
tensor affects the energy dispersion of the lowest conduction band in three ways:

1. The band edge energy of the valley pair oriented along the [001] direction moves down
with respect to the four valleys oriented along [100] and [010].

2. Since the shape of the conduction band around its minima is considerably deformed, the
effective mass of the valley pair along [100] is expected to change as €4, grows.

3. The positions of the conduction band minima along [001] move towards the zone boundary
X points at %(0,0, +1).

Within the presented model €,, has no effect on the conduction bands near the zone boundaries
X = %(1,0,0) and X = %(O, 1,0) (compare Figure 3.12). A nonzero component &, and &z,
however, will lift the degeneracy at X = %(0, +1,0) and X = i—g(il, 0,0), respectively.

If the splitting of the conduction bands is different at the different zone boundaries (for example,
Exy 7# Exz # €yz), the conduction band minima along the (001) axes have different energies. This
may result in a repopulation between the six conduction band valleys. Note that such an effect
cannot be explained via equation (3.47) alone, where a possible lifting of the degeneracy at the
X point induced by shear strain is neglected and application of shear strain yields no valley
repopulation.

An analytical expression for the valley shift along the A direction can be derived using a degen-
erate k-p theory at the zone boundary X point [Bir74, Hensel65]. A shear strain e, causes an
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9 2 2
X = 22(0.0,1) X = 45(1,0,0), 55(0,1,0)

Ao
ey = 0.0%
Aq

Ay

20E
AN

OO

>
=
=

Figure 3.12: Structure of the A; and Ay conduction bands near the zone boundary X points.
The solid lines indicate a splitting of the bands due to shear strain 4, for three
levels of strain. A denotes the band separation of unstrained Si at the conduction
band edge kmin = %(0,0,0.85}. It can be observed that the minimum of the
conduction band A; along [001] (highlighted by an open circle) moves towards
the zone boundary as &, increases. The conduction bands along [100] and [010]
are not affected by &4,,.
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energy shift between the conduction band valleys along [001] with respect to the valleys along
[100] and [010]. The shift is given by

7%/‘{25933/2 o leayl < 1/K

5Eshear:
—8 (2kleny| = 1), leayl > 1/k

(3.54)

Here, a dimensionless parameter x = (4Z,/)/A has been introduced, and A is the band separa-
tion between the two lowest conduction bands at the conduction band edge

A = (Ep, — Ea,) o (3.55)
The position of the band edge in the unstrained lattice is ki, = %(0,0,0.85) (compare Fig-
ure 3.12). The derivation of (3.54) is given in Section 3.7.2 after outlining the basic framework
of the k-p method.

3.6.3 Strain-Induced Valence Band Splitting

The deformation potential theory for the valence bands is different from that for the conduction
bands because of the degeneracy of the valence bands at the valence band maximum. The
operators D are no longer scalars. Instead, they can be expressed as 3 x 3 matrices. Due to
symmetry the six independent operators have only three independent entries, usually labeled
l,m,n or a,b,d, depending on the used basis for the eigenfunctions [Cardona66].

In the basis |x,s), |y,s), |z,s) with s denoting the spin state (T for +z) and (] for —z), the
matrix of the perturbation Hamiltonian is

~ strain )

O35 H J[1)

with H denoting the 3 x 3 matrix

lexs +m(eyy +€22) NE gy NE 4 |x)
H= NEgy leyy + m(esz + €xa) NEyg ly) - (3.57)
Nne TLE:UZ lEZZ + m(Ea?x + €yy) ’Z>

In Section 3.6.1 and Section 3.6.2 it was shown that from deformation potential theory simple
analytical expressions can be derived for the conduction band shifts induced by an arbitrary
strain tensor ¢;;. For the valence band the expressions for the strain-induced shifts of the heavy-
hole, light-hole, and split-off band are more complex, which limits their practical use [Balslev66].

3.7 The k-p method

Using the k-p method [Bir74, Yu03] one can obtain analytical expressions for the band dispersion
and the effective masses. It allows the extrapolation of the band structure over the entire
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3.7 The k-p method

Brillouin zone from the energy gaps and optical matrix elements at the zone center. While
the k-p theory has been frequently used to model the valence band of semiconductors, we will
additionally apply it to model the impact of strain on the conduction band minimum.

The k-p method can be derived from the one-electron Schrodinger equation

2
Hou(r) = (o + V() ) 0u(r) = Bt (3.58)

Here H denotes the one-electron Hamilton operator and V (r) the periodic lattice potential. The
wavefunction of an electron in an eigenstate labeled n and its energy are denoted by ¢, (r) and
E,, respectively. In a periodic potential Bloch’s theorem applies, and the solutions of (3.58) can
be expressed as

Onk(r) = €* ung(r) | (3.59)

where n is the band index, k a wave vector, and u,g(r) has the periodicity of the lattice.
Assuming that the potential V (r) is local!, one can substitute ¢,x(r) into (3.58) to obtain an
equation for wu,g(r)

(2]); +V(r)+ hkmp> unk(r) = (Enk - ij:j) Unk(T) - (3.60)

Considering any fixed wavevector k = kg, the above equation yields a complete set of eigen-
functions upk,, which completely span the space of lattice periodic functions in the real space.
Hence, the wavefunction ¢,k(r) at k can be expanded in terms of

¢nk<r) = Z Cn,n’(k7 kO)eikrun’ko . (3.61)

Once, Epk, and u,k, are known, the functions ¢,k(r) and the eigenenergies E, i at any k vector
ko + Ak in the vicinity of ko can be obtained by treating the term hAk - p/m in (3.60) as
a perturbation. Either degenerate or nondegenerate perturbation theory has to be used. The
method has been first applied by Seitz [Seitz35] and was later extended to study the band
structure of semiconductors [Luttinger55, Kane56, Cardona66].

This method for calculating the band structure is known as the k-p method. It works best for
small Ak and can be applied to calculate the band structure near any given point kg provided
that the matrix elements of p between the wavefunctions (or the wavefunctions themselves) and
the energies at ko are known. When using a sufficiently large number of wu,k, to approximate
a complete set of basis functions, the band structure over the entire first Brillouin zone can be
calculated by diagonalizing (3.60) numerically [Cardona66].

In the following, a nondegenerate k-p theory will be used to derive the band dispersion and the
effective masses for the nondegenerate conduction band of Si. To analyze the effect of shear
strain on the lowest conduction band Ai, a degenerate k-p method is adopted in Section 3.7.2,
since the A conduction band is expanded around the symmetry point X (zone boundary) where
it touches the Ag conduction band.

'Tt depends only on one spatial coordinate .
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3.7.1 Effective Electron Mass in Unstrained Si

The conduction band minima of Si lie on the (001) axes at points ki, distant 0.1&')(2770T from
the X symmetry points. From the knowledge of the eigenenergies E, g, and the wavefunctions
Unk, at the conduction band minima kg, the eigenvalues F, at neighboring points k can be
expanded to second order in k; in terms of the unperturbed wavefunctions and eigenenergies
using nondegenerate perturbation theory

unk ’pz|un’k ><un’k |p |unk >
Enk = By + Zkémk + %ZZk 0 Ekoo E’: Tl (3.62)
n 0

ij n'#n
Here, we used the index notation E?:l k;p; for k-p and Dirac’s notation for the matrix elements

1 h 0
(Unko P [Un/g) = Q/dTunkO axjun’ko- (3.63)

Q

Linear terms in k; vanish because E,, has been assumed to be a minimum. The dispersion
relation (3.62) can be rewritten in terms of the effective mass tensor m ij of band n

1 1 2 [ty ko D
1 _ 1,2 Z <unk0|pz|gn k0><121 ko |Dj [ Unko) _ (3.64)
ngj Mo Mg S nko — En’ko

In crystals with diamond structure, the effective mass tensor for the lowest conduction band
A; is diagonal and can be characterized by two masses. For the [001] valley one obtains in the
principal coordinate system

1 1 2 1 )|
my myg 0 e EAlkO - E’n/ko

1 1 2 e Y|
my my WA, EAlkO - En/ko

where A; denotes the band index n of the lowest conduction band. Thus, the energy dispersion
(3.62) can be written in the form of (3.28).

The derived equations show that because of the coupling between electronic states in different
bands via the k-p term, an electron in a solid has a mass different from that of a free electron.
The coupling terms depend on two factors

1. The separation in energy between two bands n and n’ determines the relative importance
of the contribution of band n’ to the effective mass of band n. The bigger the energetic
gap between two bands the smaller is the effect on the effective mass.

2. The matrix element theorem [Tinkham64] can be used to find all bands n’ that have
nonzero matrix elements (U, |k - P|unk,) by applying group theoretical considerations to
determine all possible symmetries u,,/g, can have.

Using the empirical pseudopotential method for band structure calculations (see Section 3.8) it
is possible to numerically evaluate the matrix elements and hence to obtain the effective masses
from (3.64).
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3.7.2 Strain Effect on the Si Conduction Band Minimum

Having discussed strain-induced shifts of the conduction bands in Section 3.6.1, here the effect
of strain on the effective electron mass in the lowest conduction band is analyzed.

Equation (3.47) neglects the lifting of the degeneracy of the lowest two conduction bands induced
by shear strain and describes the energy shift of the conduction bands as a whole. Apart from
the direction of the wavevector k indicating the location of the valley no information is required
in (3.47) to determine the shift of the valley minima. As a consequence, the shift of a valley is
independent of the exact value of the wavevector k, and all k points belonging to a particular
valley experience the same shift. As the effective mass relates to the curvature of the energy
band, which is not changed by an overall shift in energy, equation (3.47) implies that the effective
electron mass is not affected by strain.

There is clear experimental evidence that shear strain changes the effective masses of electrons
in the lowest conduction band [Hensel65] and also the exciton spectrum of Si [Laude71]. In
order to explain these experiments, the splitting of the two lowest conduction bands at the X
symmetry point induced by shear strain (see Section 3.6.2) has to be taken into account. From
(3.52) the lifting of the degeneracy at the X point can be calculated using the deformation
potential constant Z,,. However, since (3.52) is only valid for the symmetry point X, it cannot
be used to predict the effect of strain on the valley minima ky;,. To determine the change of
the effective electron mass under shear strain, a degenerate k-p theory around the symmetry
point X must be applied, since the two conduction bands A; and Ao are degenerate in the
unstrained lattice.

Using the theory of invariants [Luttinger56] Bir and Pikus [Bir74] determined a suitable choice
of matrices describing the Hamiltonian at the points X = 2—2(0, 0,+1)

H(é, k) = M + 0, (Azkyky + Dseyy) + Ago k. . (3.67)
Here,
A= A1k2 + Ag(k3 + k) 4 Dicoz + Da(eaa +eyy) (3.68)

A; to Ay are scalar constants and ¢, and ¢, denote the spinor matrices given by

01 1 0
o, = and o, = . (3.69)

10 0 -1

The scalars D1, D9, and Do are related to the deformation potential constants =,,Z4, and =,/
via

Di==,+Z4, (370)
Dy =2y, (3.71)
Dy =22, . (3.72)

The energy dispersion of the first and the second conduction band can be determined as the
eigenvalues of (3.67)

o6 k) = Ak \JATK2 + (2Zeny + Askoky)? (3.73)
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where F_ describes the dispersion of Ay and F; that of Agy.

Assuming that this expansion around the X point is valid up to the minimum of the lowest
conduction band at kyjn = %(0, 0,+0.85), the constant A4 can be related to A;

_OBE=0k) A2k

8kz kmin \/ Aik% '

Here, kg = 0.153—’; denotes the distance of the conduction band minimum of unstrained Si from
the X point. From (3.74) the magnitude of A4 can be determined

0 (3.74)

|Ay| = 241k . (3.75)

In the following the effect of shear strain on the shape of the lowest conduction band is derived
by two different methods.

Energy Dispersion of the Conduction Band Minimum of Strained Si: Method 1

The effect of strain on the spectrum near the lowest conduction band edge is estimated by
expanding the root in (3.73) and neglecting terms proportional to 2 and k*. The spectrum
is expanded near the minimum of the conduction band Ay at kyin = 27/ag(0,0,0.85) of the
unstrained lattice.

QEulAge’fxy

E(&,k) = A1(k: —ko)® + Ao (k2 + k7)) + Euton + Za(Eaa + ey +€22) — Ak kiky . (3.76)
4|Ko
By comparing this equation with (3.28) the constants A; and As are given by
h2
A= — .
1 Sy (3.77)
h2
Ay = — .
2 T (3.78)

which leaves only A3 undetermined.

At zero shear strain, the splitting between the two lowest conduction bands, which is denoted
as A (see (3.74)), can be related to A4 by evaluating (3.73) at k = kmin

A = 2| Ayl . (3.79)
Thus, the last term of (3.76) can be written as

4A3=,,

" Y e pyhinky . (3.80)
Since this term is proportional to €, and k;k,, it describes a change in effective mass propor-
tional to strain. A k-p theory capable of describing the change in the effective mass due to strain
must contain third order terms proportional to £k%. It was shown by Bir and Pikus [Bir74] that
the dominating &k? correction to the spectrum E (¢, k) of the lowest conduction band at ki, is

402!,

5Eék2 = Tiﬁ'mykxky y (381)
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L_ 2 5~ (ilprlndlilplae) )
r 2 — ) .
m mo nti En EAl

and E;, denotes the deformation potential constant =,/ evaluated at kpy;y.

The coefficient A3 can now be obtained by comparing (3.80) with (3.81). Assuming that the
deformation potential constant =,/ is the same at both points X and kmpin, that is =, = 2/,

As is given by

h2
Az = vl (3.83)
and the energy dispersion (3.76) around the conduction band edge becomes
R2(ky — kmin)?  PP(K2 4 KD 4R2Z e,
B k) = T R W S ook, (3.84)

2my 2my m/A

Here, the diagonal entries of the strain tensor were assumed to be zero, since they do not cause
a change in the effective mass in this approximation. The impact of shear strain e, on the
effective masses becomes clearer when changing the coordinate system

' —[110] ¢ —[110] 2 —[001].

This coordinate system is rotated 45° about the z axis with respect to the principal coordinate

system, thus,
ky+ k ky — k
= ”“’\}% L ky = x\/ﬁ "' ky =k, . (3.85)

In the rotated coordinate system the effective mass tensor is diagonal

2(ky — kin)? B2, 2=, h2k2, 2=,
e P P (e, ) () e, )

iy

2my 2my, m/A “y 2my m'A “xy

 h2(Kw — Kuin)? 2k, n*k,

= + + . (3.86)
2my 2my o (Exy)  2Miyy (Eny)

Two transverse masses occur

Mo = mo(L+ res,) (3.87)

My = my(1 — n/ﬁaxy)*l , (3.88)
that depend strain. Here, two parameters

k=4E,/A and n=m/(2m) (3.89)
have been introduced.

Within this approximation the effect of shear strain on the transverse masses of Si can be
modeled. It was developed by Bir and Pikus [Bir74] and Hensel [Hensel65]. In the following, a
more rigorous model is presented, which is also able to predict the effect of shear strain on the
longitudinal mass, the splitting between conduction band valleys, and the change of position of
the conduction band minimum.
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Energy Dispersion of the Conduction Band Minimum of Strained Si: Method 2

The above formulae have been derived, assuming that the conduction band minima are located
at kmin = 27/ap(0,0,£0.85), which is a good approximation only for small shear strain. As
can be seen from Figure 3.12 the minimum of the conduction band is expected to move towards
the X point as the strain-induced splitting between the conduction band becomes larger. As
a direct consequence, the conduction bands shape is deformed and the previous assumption
kmin = 27/ap(0,0,0.85) is not satisfied.

Thus, a more general model for the effect of shear strain on the effective masses needs to be
developed, which takes the movement of the conduction band minimum as a function of strain
into account. The effective masses are subsequently evaluated at the position of the conduction
band minimum Kpyin(€zy).

The position of the minimum can be found from (3.73) by setting k, = k, = 0:

n o, [hAk3
B =—k2— =2

= s k2 4+ (22, )% . (3.90)
Here, relations (3.75) and (3.77) are used to replace A4 and Aj, and ko denotes the position of the
unstrained conduction band minimum measured from the zone boundary X, kg = 0.15 - 27/ay.
Setting

OF_
=0 (3.91)

the position of the conduction band minimum k. i, can be obtained

koy/1 — K%egy? | leayl < 1/K (3.92)

0 o |ewyl > 1/K

kz,min =

It can be seen that for strain smaller in magnitude than 1/k, the minimum position is shifted
towards the X point. For |e;,| = 1/k, the position of the minimum is located at the X point,
thus k. min = 0. The position is fixed, even when €, is further increased. The changing position
of k. min is visualized in Figure 3.12, where the impact of shear strain on the shape of the
conduction bands A; and Aoy is plotted.

The strain dependent longitudinal mass mj(e,,) can be obtained from (3.73) by calculating

1 1 9*E_
T R2 : 3.93
mi(egy) A2 Ok2 1k=(0,0k: min) (3.93)
The following expressions can be derived after some algebraic manipulations
—1
ml(l - /125;,;1,2) , lewyl < 1/K
mi(Eay) = ( 13- - (3.94)
my(1— 7) eyl > 1/k
() el >

Similar to (3.92), the dependence of the longitudinal mass on strain is described by two expres-
sions, depending on whether the magnitude of strain is smaller or bigger than 1/x. Note that
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3.7 The k-p method

in the approzimation of Section 3.7.2 the effect of shear strain was modeled by the expansion
(8.76) about the conduction band minimum of the unstrained lattice, such that the longitudinal
mass my is not influenced by strain.

To derive the transverse effective masses that include the dependence on k. min, first (3.73) is
transformed to the rotated coordinate system introduced in (3.85).

A 2
Ei(6,k)=\+ \/Aﬁk:g + <2Eulsxy + 73(1@3, - k§)> . (3.95)

The effective mass in the 2/ = [110] and 3’ = [110] direction can be obtained from

1 O*E_
— =W (3.96)
My g (Ezy) k2, 1k=(0,0,k= min)
and
1 O*E_
— =R : (3.97)
My (Ezy) 8ky, k=(0,0,k= min)
The strain dependence of the transverse masses is given by
I B eyl < 1/
mt< + n/fsxy) v Exyl < 1/K
My (Exy) = 1 (3.98)
mt<1 + nsgn(smy)> o |eayl > 1/K
for the [110] direction and by
1 B eyl < 1/
mt( — T]Hé’;‘xy> y o |€ayl < 1/R
Mty (Eay) = (3.99)

1 .
mt<1 — nsgn(sxy)>  eayl > 1/K

for the [110] direction. Here, sgn denotes the signum function. For |e,,| < 1/ the effective
masses derived in this way are consistent with equations (3.87) and (3.88). However, for |ez,| >
1/k the transverse masses are constant and depend on the sign of the strain only.

Finally, an analytical expression for the valley shift induced by shear strain e,, which was
given in Section 3.6.2, is calculated. According to (3.92), equation (3.90) has to be evaluated
at kumin = koy/1 — k?eyy? for |egy| < 1/k. For |e4y| > 1/k the energy shift at the X point
determines the overall valley shift. The shift between the valley pair along [001] and the valley
pairs along [100] or [010] is obtained from

A
—Z&Qemf o eayl < 1/K
6Eshear = E(QEy» kmin) - E(07 kmin) = A . (3100)
vy (2kleay| = 1), leay| > 1/K

This derivation shows that the valley splitting cannot be obtained if the spectrum of the strained
crystal is expanded around the conduction band minimum ko of the unstrained crystal, as it was
assumed in Section 3.7.2.
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v v
k. k. ka

Figure 3.13: Constant energy ellipsoids for the Si conduction band with €5, = 0 (left side)
and e, # 0 (right side). In unstrained Si there are six equivalent valleys along
the three principal axes. In the deformed lattice the valleys along k. go down in
energy, hence the surface of constant energy is bigger. The constant energy lines
in the k;ky-plane are characterized by two masses, my ;» and .
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3.8 EPM for Arbitrary Strain

Discussion

In unstrained Si the constant energy surfaces of the conduction band valleys along [001] have
a prolate ellipsoidal shape, where one of the three semiaxes is characterized by m; and two
semiaxes by m¢. At small shear strain e, the constant energy surfaces take the form of scalene
ellipsoids characterized by three masses, my o1}, M [110], and my[119)- These masses change
under the influence of €., and can be modeled using the equations (3.94), (3.98), and (3.99).
From Figure 3.13 it can be seen that under shear strain €,,, the lines of constant energies in the
k. k,-plane develop into ellipses with their semiaxes rotated 45° about the k. axis. For levels
of shear strain that significantly change the location of the conduction band edge, e,y ~ 1/k,
a large deformation of the shape of the conduction band takes place. In principle equations
(3.94), (3.98), and (3.99) describe the change of the effective masses, but it will be shown in
Section 6.1 that a (non-)parabolic approximation for the conduction band minimum is not valid
in this case and full-band modeling is required for simulations of electron transport even at low
electric fields.

As pointed out previously a key advantage of the k-p method is that it allows one to derive
analytical expressions for the energy dispersion with the knowledge of only a small number of pa-
rameters. In the expressions derived in this section, the knowledge of only three parameters A, 7,
and « is required to characterize the energy dispersion around the conduction band minimum
under shear strain. These parameters can be calculated using the empirical pseudopotential
method, which is briefly described in the next section.

3.8 Empirical Pseudopotential Theory for Arbitrary Strain

The empirical pseudopotential method in its nonlocal relativistic version was developed by Che-
linkowsky and Cohen [Chelikowsky76, Cohen89]. It is frequently used to calculate the band
structure of semiconductors. The method is efficient, and requires only a limited set of fitting
parameters [Jungemann03, Fischetti96a, Rieger93, Bufler98|. These few parameters are usu-
ally calibrated in order to fit energy gaps, that can be determined from experiments, and are
available for a large set of materials [Yu03].

3.8.1 The Empirical Pseudopotential Method

The pseudopotential theory is based on an ansatz which separates the total wave function into an
oscillatory part and a smooth part, the so called pseudo wave function. The strong true potential
of the ions is replaced by a weaker potential valid for the valence electrons, the pseudopotential
V (r), which approaches the unscreened Coulomb potential of the Si** ion at large values of r
(see Figure 3.14). This replacement can be justified mathematically and shown to reproduce
correctly the conduction and valence band states [Cohen89].

The one-electron Schrédinger equation is replaced by a pseudo-wave equation

(£.+ V) outr) = Erontr) (3101

with ¢g(7) denoting the pseudo wave function and V' (r) the pseudopotential. This equation can
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V(r)

Core Tegion h
T / ) V3 V8 _—— . g2
7 N al5r]

\ Ton potential ~ -1/r
; -2/3 E;

Figure 3.14: Schematic plot of a pseudopotential in real space (left) and reciprocal space
(right).

be used to calculate physical properties of semiconductors which are dependent on the valence
and conduction electrons only. Since pseudopotentials are only small perturbations, the energy
bands are expected to be similar to those of nearly free electrons and an ansatz where the pseudo
wave function is expanded into a sum of plane waves can be used

6k) = _aclk+ G) (3.102)
G

to diagonalize (3.101). Here, G is a general reciprocal lattice vector as given in (3.24) and Dirac’s
notation |k + G) is applied to denote the plane wave with wave vector k + G. The coefficients
ag and the eigenvalues Fy, can be determined from the solution of the secular equation

{ﬁQkQ

det | 555 = ] s+ GV + @) =0, (3.103)
17

The matrix elements of the pseudopotential are given by

(E|V(r)|k+G) = [% > e—iG'R] é / V(r)e *CTdr . (3.104)
R Q

Here, R is a lattice vector in the real lattice, N is the number of atoms in the primitive unit
cell? and € denotes its volume. The matrix elements are determined by the Fourier components
Vg of the pseudopotential

1 .
Ve=5 / V(r)e *Tdr , (3.105)
Q

2By definition the primitive unit cell contains one lattice point.
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3.8 EPM for Arbitrary Strain

which are frequently called form factors of the pseudopotential. If there is more than one atom
in the primitive unit cell, a structure factor is introduced which depends on the relative position
T, of the respective atom in the primitive unit cell. The structure factor S¢ is defined as

N
1 —1G-rp,
Sa =+ En: e : (3.106)

where N denotes the number of atoms in the primitive unit cell. The pseudopotential V' (r) can
be expressed in terms of the structure factor and the form factors by

V(r) = Z VaSgexp (1G - ) . (3.107)
G

In crystals with a diamond structure there are two atoms at the positions r; and r9 in the
primitive unit cell. By taking the midpoint between the two atoms in the unit cell as origin, the
positions of the atoms are given by 1 = ¢ (1,1,1) = 7 and ro = —%(1,1,1) = —7. Thus, the
structure factor is given by

Sag = %(exp(—iG 7) +exp(iG - 7)) =cos(G - T) . (3.108)

In unstrained diamond structures the reciprocal lattice vectors in order of increasing magnitude
. . 2T .
are (in units of Z%):

Go = (0,0,0)

Gsz=(1,1,1), ( 1,-1,1),... ,(=1,—1,-1)
G, =(2,0,0), (-2, 0,0), ... ,( 0, 0,-2)
Gs = (2,2,0), ( 2,-2,0),... ,( 0,—2,-2)
Gi1=(3,1,1), (=3, 1,1),... ,(=3,-1,-1)

2

Form factors with reciprocal lattice vectors larger than G2 > 11(%) are neglected, since typi-

cally Vg decreases as G2 for large G (see Figure 3.14). Assuming that the atomic pseudopo-
tentials are spherically symmetric V (r) = V(|r|), the form factors only depend on the absolute
value of the reciprocal lattice vector. The form factor belonging to Gy shifts the entire energy
scale by a constant value, and can therefore be set to zero. The form factors belonging to the

reciprocal lattice vectors G have an absolute value of v/3- i—g and are conventionally labeled V3.

Since the structure factor of the reciprocal lattice vectors G4 with magnitude 2 - % vanishes,

2

cos <7r7_ . (j:2,0,0)> = cos (iz) =0, (3.109)
a 2

the respective form factor Vj; does not enter the pseudopotential (3.107). Thus, only three

pseudopotentials form factors V3, V5 and Vi; are required to calculate the band structure.

In Table 3.5 the parameters employed in the empirical pseudopotential calculations are listed.
They consist of three local form factors V 5,V 5,V 47, two parameters (Ap, Ry) to model
the nonlocal correction, and two parameters (u, ¢) entering the spin-orbit interaction term.
The parameters coincide with the parameter set provided in [Rieger93| with the exception of
p = 0.00023 Ry and ¢ = 7.5589 A=, which have been adjusted in order to yield the desired
split-off energy of 44 meV in the unstrained Si band structure. In the expansion of the pseudo
wave function (3.102) plane waves with modulo |G, — k| < 5.7(27/ag) were included, which
guarantees results converged to approximately 1 meV.
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Table 3.5: Parameters employed in the band structure calculation of Si and Ge [Rieger93].

Silicon Germanium  Units

Vs —0.2241 —0.221 Rydberg
Vg —0.052 0.019 Rydberg
Vo —0.0724 0.056 Rydberg
Ay 0.03 0.275 Rydberg
R 1.06 1.22 A

I 0.00023 0.000965 Rydberg
¢ 7.5589 10.0911 Al

3.8.2 Inclusion of Strain

To handle general strain conditions, four modifications in the band structure calculation have
to be taken into account:

(i) The direct lattice vectors a;" of the strained crystal are calculated by deforming the vectors
a; of the unstrained crystal according to (3.30). From the strained lattice basis vectors, the
strained reciprocal lattice vectors b;’ can be obtained. These are used to calculate the strained
lattice vectors of the reciprocal lattice which are used in the expansion of the pseudo wave
function (3.102) and in the calculation of the normalizing volume of the strained unit cell £, as
given in (3.31).

(ii) Since the local pseudopotential form factors enter the calculation at the strained reciprocal
lattice vectors, an interpolation of the pseudopotential is required (see Figure 3.14). Different
expressions have been proposed in [Friedel89, Rieger93]. In this work, the pseudopotential form
factors of the strained lattice are obtained by performing a cubic spline interpolation through
the pseudopotential form factors, Vp, Vs, Vs, Vi1, and Vsi,.. Following [Rieger93], Vy is set to
—2Er /3, and Vay, = 0, where kp denotes the Fermi wave vector of the free electron gas.

(iii) In Figure 3.15 a schematic plot of the diamond structure with the primitive unit cell is
plotted. The latter has a tetragonal shape. The vertex atoms of the tetrahedron and the central
atom located at (%, %, %) belong to a different fcc-lattice. While the position of the vertex
atoms of the tetrahedron (indicated in light-grey) can be calculated from macroscopic strain,
the absolute position of the central atom in the bulk primitive unit cell (dark grey) remains
undetermined. To obtain the exact position of the central atom an additional parameter for the

displacement has to be taken into account.

A schematic plot showing the change of atomic positions in the primitive unit cell under strain
is given in Figure 3.16. In the unstrained lattice, the central atom is positioned at the center of
the tetrahedron, which is indicated by a white circle in Figure 3.16a. Under strain the vertex
atoms change their positions and the central atom is displaced from the center of the distorted
tetrahedron (see Figure 3.16b). In order to minimize the nearest neighbor central force energy
of the system, the central atom moves towards the center of the four vertex atoms. However,
opposing this reduction of energy is the increase of nearest neighbor non-central force energy
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3.8 EPM for Arbitrary Strain

primitive unit
cell

Figure 3.15: Schematic plot of the diamond structure and the primitive unit cell. The central

atom at (2, P, %) is indicated by a dark sphere.

a) unstrained unit cell b) strained unit cell c) strained unit cell
] =09 = ag = a4 a] # a9 F az # ay with internal displacement
1] == 9 ~= a3 = a4

Figure 3.16: Unit cell of diamond structure with center atom and its four nearest neighbors.
a) In the unstrained crystal, all four bonds are of the same length. b) Under
strain, atoms change their positions, leading to different bond lengths. ¢) The
center atom is displaced to adjust a similar distance to the four neighbor atoms,
whereas the positions of the vertex atoms is unchanged.
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and far-neighbor energy [Kleinman62]. Thus, the central atom does not completely relax to the
center of the strained tetrahedron as indicated in Figure 3.16c.

In the case of general strain, the additional displacement of the central atom with respect to the
four vertex atoms of the unit tetrahedron in the diamond structure can be modeled in terms of
an internal strain parameter (displacement factor) &: First, the positions of the vertex atoms
and the central atom are derived from the macroscopic strain. Then the center of the four vertex
atoms is determined. If the internal strain parameter £ is set to zero, the central atom retains
its position determined from the macroscopic strain only; if &€ = 1 the central atom moves to
the center of the four vertex atoms, and all four bonds are of the same length. As previously
discussed, neither of the two extrema occurs in a real crystal and a appropriate value 0 < ¢ <1
for the internal strain parameter has to be used.

For the determination of the internal strain parameter of Si we performed calculations with
the ab-initio total-energy and molecular-dynamics program VASP (Vienna ab-initio simulation
program) [Kresse93, Kresse94, Kresse96a, Kresse96b, Kresse99]. A value of 0.5 was extracted,
which is very close to previous theoretical calculations of Nielson [Nielsen85], who extracted a
value of 0.53, and the experimental result 0.54 £ 0.04 [Cousins87].

If stress is applied along a fourfold axis (100) no internal displacement occurs. In this case
the center of the deformed primitive unit cell coincides with the position of the central atom
determined from macroscopic strain and all four bonds are of the same length. For the stress
directions (110) and (111) analytical expressions for the internal displacement can be derived:

e For [110] stress the additional displacement along [001] is given by [UngersboeckO6a]

€ (1 + ea0)eay
, = ———""Zqg . 11
u 5 1ie. ag (3.110)

e If the lattice is stressed along [111], the additional displacement is parallel to the stress
direction [111]

u= —ggxyao(l, 1,1). (3.111)

(iv) Finally, strain-induced loss of symmetry gives rise to a change in shape and volume of the
irreducible wedge of the first BZ [Ungersboeck06a]. Irreducible wedges under various strain
conditions were identified in Section 3.5. Only if the proper wedge is identified, redundancy in
the band structure calculations can be avoided.
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Chapter 4

Quantum Confinement and Subband
Structure

HARGE transport in the MOSFET channel is different from the bulk transport since the

carriers interact with the Si-SiOs interface. Furthermore, a large electric field normal to
the Si-SiO interface causes the formation of a potential well, which confines charge carriers to a
region close to the Si-SiOs interface. In the potential well a quasi two dimensional electron gas
(2DEG) or hole gas (2DHG) is formed. Carriers are free to move parallel to the interface, but
are tightly confined in the direction normal to the interface. This confinement leads to quantized
energy levels, thus the conduction or valence bands are split into subbands.

The calculations of the energy levels of carriers confined in a quantum well are commonly based
on three approximations:

e The Hartree approximation, stating that each electron moves in the average potential
produced by all other electrons, thus neglecting many-body effects.

e In the semiconductor, the effective mass approximation (EMA) is applied [Bastard81].

e For the calculation of the energy levels it can also be assumed that the barrier between
the insulator and the semiconductor is large enough that the envelope wave functions
vanish at the semiconductor-insulator interface which is reasonable for the Si-SiOs inter-
face [Ando82].

While the bulk band structure and its modification under the influence of mechanical strain was
discussed in the previous chapter, this chapter is devoted to the subband structure of electrons
in the MOS inversion layer. The influence of strain on the subband structure is shown for various
orientations of the Si-SiOs interface.
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QUANTUM CONFINEMENT

4.1 Electron Confinement at the Semiconductor-Oxide Interface

In order to calculate the subband structure in the inversion layer the Schrodinger equation and
the Poisson equation have to be considered as a coupled system of differential equations, which
has to be solved self-consistently by numerical methods [Vasileska00]. The energy levels E and
envelope wavefunctions ¢ are determined by a solution of the effective Schrédinger equation

[T — e®(2)]) = B, (4.1)
where ®(z) is the electrostatic potential and 7' is the operator for the kinetic energy. The
electrostatic potential determining the shape of the potential well is the solution of the Poisson
equation

e
V2 = ——[Naop(2) +p(2) —n(2)] . (4.2)

S1
Here, Ngop(2) is the doping profile in the semiconductor, and p(z) and n(z) denote the hole and
electron concentration, respectively. The boundary conditions for the potential are lim,_,, ®(z) =
0 for the bulk interface and
do do
ﬁdiel@ ’z:O_ sca =0t )
for the Si-SiOy interface. In (4.3) Kgjel denotes the dielectric permittivity of the insulating layer
and kg that of the semiconductor. Assuming the effective mass approximation, the kinetic
energy operator 7' in (4.1) can be written as

(4.3)

1 ..
T = izyz]pzp] ) L]=2,Y,% . (44)
i,J
where p; = —ih(0/0x;) denotes the momentum operator, and v;; is the reciprocal effective mass

tensor. A coordinate system is chosen such that the z axis is normal to the semiconductor-
insulator interface.

The conduction band valleys of semiconductors are typically oriented along high symmetry lines
of the first Brillouin zone. To calculate the subband structure for any substrate orientation, it is
necessary to introduce a unitary transformation from the crystallographic system z’,3/, 2’ to the
interface coordinate system. The momentum operator and the reciprocal effective mass tensor
in the interface coordinate system are transformed as

pi= Y uppk (4.5)
k

Vij = Zuikujkl/kk:, . (4.6)
k

Here, u;), are the elements of a unitary matrix, v, = 1/my’, where my’ denote the principal
effective masses of the constant-energy ellipsoid in the semiconductor. The unitary transforma-
tion matrix from the crystallographic coordinate system to the interface coordinate system is
given by

cospcost) —sing cos@psinb
U= |singcos cos¢ singsinf | (4.7)

—sin6 0 cosf
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4.1 Electron Confinement at the Semiconductor-Oxide Interface

Figure 4.1: Angles ¢ and 8 with respect to the coordinate system which diagonalizes the inverse
effective mass tensor.

and involves a rotation of ¢ about the 2’ axis followed by a subsequent rotation of # about the
new y axis (compare Figure 4.1). The direction of the new 2 axis after the two rotations is thus
given by the last column of U,

e, = (cos ¢sinf,sin ¢sin, cosf) . (4.8)

Since the potential is assumed to be a function of z only, it is possible to the separate the trial
solution of (4.1) into a z-dependant factor £(z), and a plane wave factor representing free motion
in the zy plane [Stern67]

V(z,y,2) = &(2) exp(ikiz + ikoy) . (4.9)

The functions £ must satisfy the equation

" d2£+ ih% (v13k1 + vask )d‘5+( é(z) + E)é(z) =0 (4.10)

2 V33d22 th”(v13k1 + 23ke Ep eQ(z z)=20, .
where

7 h? 2 2

E=F — ?(Vllkl + 2V12k1k2 + VQQ!'CQ) . (4.]_1)

Following Stern and Howard [Stern67], the first derivative in the above equation can be elimi-
nated using the substitution?

£(2) = C(2) exp (—j—;(ulakl + Vzakz]) . (4.12)

The differential equation for ((z) takes the form

2~
: é:,(zz) + %(Ef +e(2))Gi(2) =0, using m, =1/vs3 . (4.13)

!This separation of variables is not valid if the boundary condition ¢(0) = 0 is relaxed [Stern67).

53



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub
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The eigenfunctions being subject to the boundary conditions lim, . (;(z) = lim,_o (;(2) = 0
and the eigenvalues of (4.13) are labeled by a subscript i. The energy spectrum is given by

2 2 2
E(kl, kg) =F;+ z |:<I/11 — Vl?’) k% + 2 <V12 — W’) kiks + <I/22 — V23> k§:| . (4.14)

2 V33 V33 V33
and represents constant-energy ellipses above the minimum energy FE;. The fact that E; is
independent of k1 and ks is a result of the boundary condition ¢(0) = 0. The energy levels E; for
a given value of m | generate a set of subband minima called subband ladder. Since the value of
the quantization mass depends on the substrate orientation, so do the number and the degeneracy
of the subband ladders. Obviously, if conduction band valleys have the same orientation with
respect to the surface, these valleys belong to the same subband ladder. Because of the kinetic
energy term (4.4) in the Schrodinger equation the valleys with the largest quantization mass
m_ have the lowest energy. Following a widely used convention, the subbands belonging to the
ladder lowest in energy are labeled 0,1,2,..., those of the second ladder 0’,1’,2’,..., the third
ladder 0”,1”,2" ..., and so on [Ando82].

The principal effective masses m, 1 and m, 2, associated with motion parallel to the surface can
be deduced from (4.14). This equation represents an ellipse whose principal axes are not parallel
to k1 and ks. Introducing the matrix

M= Vil — Via/Vvs3  Via — Vi3va3/vs3 7 (4.15)

2
Vg — 7/137/23/ V33 Vo9 — V23/ V33

equation (4.14) can be written as
h2
E(ki,ko) = E; + ?kTMk : (4.16)

The inverse effective masses mfll and m, . 21 are the eigenvalues of M and can be calculated by
solving the secular equation

det (M —m,'1) =0, (4.17)

where 1 denotes the two dimensional unity matrix.

4.1.1 The Si-SiO, Interface

In the following section the subband structure of electrons confined near the Si-SiO interface
is discussed. As shown in Section 3.4.1 the conduction band edge of Si is located along the A
direction and is located in the vicinity of the X symmetry point. Each valley is characterized
by a longitudinal mass m; and a transverse mass m¢. In the following only the three valley pairs
along the equivalent A axes are considered, whereas the valleys at the L points are neglected.
In the principal crystallographic system the inverse effective mass tensors describing the energy
dispersion of the three valley pairs are given by

1 1
mo 000 me 000 e 0
(1) — 1 (2) — 1 (3) _ 1
v - 0 Ht 0 ) v - 0 W] O ) and v — 0 poegs 0 . (418)
1 1 1
R 0 0 0 0 L
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4.1 Electron Confinement at the Semiconductor-Oxide Interface
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Figure 4.2: (a) Alignment of constant-energy surfaces of the Si conduction band with respect
to the substrate surface (001). (b) Projection of constant-energy surfaces onto the
(001) plane. Concentric spheres indicate the twofold degeneracy of the unprimed
ladder. Constant-energy lines belonging to the primed ladder (filled in dark grey)
have elliptic shape.

4.1.2 Substrate Orientation (001)

For cubic semiconductors the Miller indices of a plane (hkf) are also the coordinates of the
normal vector of this plane. For substrate orientation (001) the coordinate system in which
the z axis is normal to the substrate surface coincides with the crystallographic system (see
Figure 4.2a). Thus, no coordinate transformation needs to be involved and v;; = v;5'.

The quantization masses of the three different valleys v are m'] = 1/v33. By comparison with

1,2)

(4.18) the quantization masses can be determined, yielding m ' ™’ = my for valleys labeled 1 and

2 in Figure 4.2a and mf) = my for the valley pair with the label 3. Since m; > my, the two
valleys with the large quantization mass mf) = iy belong to the lowest (unprimed) subband
ladder, whereas the four valleys with m; = my constitute the primed subband ladder. The
transport masses m,,; and m,, 2 for the three valleys can be found from (4.17). Since the matrix
M?" contains only diagonal entries, M7, = v]| and M3, = v3,, the transport masses are easily
obtained from (4.18), m?, = 1/17;, and m 5 = 1/v3,.

For transport calculations not only the transport masses of a particular subband ladder are
essential, but also the direction of the principal axes of the constant-energy ellipse with respect
to the crystallographic axes of the wafer. In Figure 4.2b the projection of the constant-energy
surfaces onto the substrate with orientation (001) is shown. The projection yields two subband
ladders with spherical constant-energy lines (unprimed ladders) and four subbands with elliptic
constant-energy lines (primed ladders). However, the transport properties of the four primed
subband ladders are in general not equivalent since two of them are aligned along the [100]
direction, whereas the other two are aligned along the [010] direction. Also, the principal axes
of the constant-energy ellipsoids are interchanged.
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(b)

Figure 4.3: (a) Alignment of constant-energy surfaces of the Si conduction band with respect
to the substrate surface (110). (b) Projection of constant-energy surfaces onto the
(110) plane. Concentric ellipses (unfilled) indicate the fourfold degeneracy of the
unprimed ladder. The constant-energy lines belonging to the primed ladder are
filled in dark grey.

4.1.3 Substrate Orientation (110)

On (110) oriented substrate, the principal crystallographic system does not coincide with a
system where the z axis is normal to the substrate surface and a coordinate transformation is
necessary to obtain the quantization and transport masses. From the direction of the substrate
normal

o(110)

'ﬂ. _\/_(1'-‘
the angles # = 90° and ¢ = 45° of the coordinate transformation can be identified. The
transformation matrix becomes

0 —-1/vV2 1/v2
U=10 1/vV2 1/V2|- (4.20)
—1 0 0

1,0) = (cos ¢siné,sin ¢sin b, cos ) , (4.19)

The inverse effective mass tensors of the three valley pairs can be calculated from (4.6)

L 0 0 mil 0 0
12 = | % %ﬁ? 23 =10 m% o l. (4.21)
U 0 0 &
(12) _

It can be seen that the quantization masses m' l/v(l 2) — = 2mymy/(my + my) for the two
valley pairs labeled 1 and 2 in Figure 4.3a are equal. The quantization mass of the remaining
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4.1 Electron Confinement at the Semiconductor-Oxide Interface

two valleys (labeled 3 in Figure 4.3a) is m(f’) = my. Since 2mymy/(my + my) > my, the four

(1,2)

valleys with the larger quantization mass m belong to the lowest (unprimed) subband ladder,

whereas the two valleys with mf) = my constitute the primed subband ladder. To calculate
the transport masses the eigenvalue problem given in (4.17) for M" has to be solved. On (110)
oriented substrate M"Y is given by

1 0 L 9

A2 — | me : M® — | m _ (4.22)
-V 2 - 1
me+my 0 mit

Thus, the transport masses of the unprimed subband ladder

m.(.,lf) =my , m.(.,lf) = (mi+my)/2, (4.23)
and the primed ladder

8 =i, mQ=m,. (121

can be obtained. In Figure 4.3b the constant-energy lines of the subbands for a (110) oriented
substrate are shown. The unprimed ladder is fourfold degenerate, whereas the primed ladder
is twofold degenerate. This is opposite to the situation for (001) oriented substrate, where the
unprimed ladder was twofold degenerate and the primed ladder was fourfold degenerate. The
major principal axis of the unprimed subbands is [110], whereas the major principal axis of the
twofold degenerate primed subband ladder is [001].

4.1.4 Substrate Orientation (111)

The substrate normal el '") for substrate orientation (111) is ig(l7 1,1). Thus, the axes of the

principal crystallographic systems have to be rotated by the angles cos = 1/v/3 (0 ~ 54.74°)
and ¢ = 45°. The inverse effective mass tensor for the three valley pairs in the coordinate system
with the z axis perpendicular to the substrate surface are

mt+5my m)—mg miy—my
6memy 2v3mem;  3V2memy
1) — my—myg me+my my—my
) = 4.25
- 2\/§mtm1 2mymy \/gmtml ( )
my—my m—my my+2my
3\/§mtm1 \/émtml 3mgmy
my+5my my—my my—my
6mymy 2\/§mtm1 3\/§mtm1
(2) — my—my my+my my—my
%) = 4.26
- 2\/§mtm1 2memy \/émtml ( )
my—my my—my m+2my
3\/§mtml \/émtml Smtml
2my+my 0 V2(my—my)
3memy 3mymy
mg
V2(mi—my) 0 me+2my
3mgmy 3mymy

o7
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(111)

(b)

Figure 4.4: (a) Alignment of constant-energy surfaces of the Si conduction band with respect
to the (111) substrate surface. (b) Projection of constant-energy surfaces onto the
(111) plane. Since the quantization mass is equal for all valleys, only one sixfold
degenerate subband ladder is formed.

It can be seen that all valleys have the same quantization mass mgl,z,sj = nimTltﬁTﬁ] and therefore

belong to the same subband ladder. To determine the transport masses, the eigenvalues of M"
have to be calculated

3(my+ms) V3(m1—ma) 3 0

Iif(l,?) _ 2m(2my+my) 2m;(2m'1+m;) , &I(S] _ 2mmig +mmg ) (428)
ﬁ(ml—mt) m]+51m 0 1
2m(2my+my) dmym+2m3 me

Solving the secular equation (4.15) the transport masses evaluate to

(1,2,3)

1 (429‘)

=m; , and m, o

for all three valley pairs.

The constant-energy lines of the subbands for a (111) substrate are shown in Figure 4.4b. The
unprimed ladder is sixfold degenerate. T'wo ladders have their major principal axes parallel to
the [112] direction. The principal axes of the other ladders is inclined by an angle of +30° and
—30° from [110].

In Table 4.1 the principal effective masses of Si for the three discussed surface orientations are
summarized. In unstrained Si the six conduction band valleys form a set of two subband ladders
for substrate orientation (001) and (110), whereas for (111) oriented substrate only one subband
ladder with sixfold degeneracy is formed. The energy alignments of the Si conduction subband
ladders constituting on (001), (110), and (111) oriented substrate are shown Figure 4.5a and
Figure 4.5b.
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4.2 Strain Effects

surface orientation | degeneracy | m, 1 my,.2 my ladder

2 My My my unprimed
(001)

4 my my my primed

2 .

(110) 4 my | T mT_f_rgl‘l unprimed

2 m) ™My My primed
(111) 6 my 2m1§ 2 72:?:;;11 - | unprimed

Table 4.1: Principal effective masses of the six Si conduction band minima along A for three
surface orientations. Here, m, 1, and m, 2> denote the transport masses, and m is
the quantization mass.

4.2 Strain Effects

In this section the effect of strain on the subband structure of Si inversion layers is analyzed.
For this purpose we assume that the energy shifts of the individual subband ladders can be
calculated using the deformation potential theory. Furthermore it is assumed that the effective
mass change induced by shear strain in bulk Si is reflected in the subband structure as well.

Both strain and confinement breaks the cubic symmetry of bulk Si. As a result the degeneracy
among different pairs of valleys is lifted, while each of these pairs retain their twofold valley
degeneracy (Kramers degeneracy) [Ashcroft76].

The effect of strain on the subband structure is illustrated in Figure 4.5c. If strain is present, the
energetic position of the subband ladders with respect to each other is not completely determined
from their quantization masses. An additional shift of each subband ladder has to be considered
according to (3.47). Since this shift depends on the valley orientation, it may be different for
each valley and consequently the degeneracy between the subband ladders can be lifted.

Electron mobility in the inversion layer can be improved by preferentially populating the subband
ladder with smallest transport mass. This can be achieved by shifting ladders with larger
transport mass up in energy resulting not only in a smaller net effective transport mass, but
also in a reduction of intervalley scattering. However, since the density of states is reduced by
pushing subband ladders with large transport mass up in energy, the Fermi level accommodates
at higher values and the electron gas experiences more pronounced degeneracy effects. These
effects are crucial in the determination of the electron mobility and will be discussed in greater
detail in Section 5.4.

4.2.1 Substrate Orientation (001)

On (001) substrate the energy difference between the lowest subband of the unprimed ladder
and the lowest subband of the primed ladder stems from the different quantization masses.
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Figure 4.5: Energy lineups of the conduction subbands in unstrained Si for (a) substrate ori-
entation (001), (110), and (b) substrate orientation (111). (¢) Strain changes the
lineup of the energies and thus is able to remove the degeneracy of subband ladders.
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4.2 Strain Effects

The larger quantization mass of the unprimed ladder (m;=0.916 mg) as compared to the small
quantization mass of the primed ladder (m{=0.19mg) yields a smaller splitting between the
subband energies of the unprimed ladder than that of the unprimed ladder.

Electron transport in the inversion layer on (001) substrate can be improved by preferentially
populating the twofold degenerate unprimed ladder and depopulating the primed ladder which
is fourfold degenerate. A repopulation has two consequences for electron transport:

e A higher fraction of electrons has the smaller transport mass of the unprimed ladder.

¢ Additionally, by shifting the subbands of the primed ladder up in energy with respect to
the unprimed ladder, the scattering rate to this subband ladder is decreased. This also
contributes to the mobility increase.

The intrinsic splitting between unprimed and primed subband ladder can be increased by ap-
plying

e compressive stress along the interface normal,
e biaxial in-plane tensile strain (e.g. from epitaxially growing Si on Sij_,Ge,).

e tensile stress along the in-plane (110) direction.

Under the first two conditions the strain tensor only contains non-zero diagonal components
(€za = €yy # €22). In the third case, where stress is applied along the (110) direction, additionally
€2y is non-zero and an effective mass change occurs. Under the strain conditions listed above the
degeneracy of the subband ladders is not changed. Thus, the unprimed ladder is still twofold
degenerate, and the primed ladder remains fourfold degenerate.

Using linear deformation potential theory the splitting of the unprimed subband ladders can be
calculated from (3.47). Under shear strain the additional shift between the primed and unprimed
subband ladder given in (3.54) and the effective mass change (see equations (3.98), (3.99), and
(3.94)) of electrons in the unprimed ladder has to be accounted for. As depicted in Figure 4.6,
the energy dispersion of electrons in the unprimed subband ladder is not longer isotropic in the
(001) plane and transport characteristics depends on the direction of transport.

Recent experiments suggest an enhancement of electron mobility if tensile stress is applied in the
[100] direction [Irie04]. Under such stress conditions e, # €, thus the fourfold degeneracy of
the primed subbands is lifted and three sets of twofold degenerate ladders are formed (compare
Figure 4.5).

4.2.2 Substrate Orientation (110)

On (110) substrate the energy difference between the two subband ladders formed in the un-
strained case (compare Table 4.1) can be increased by applying tensile stress along [001]. Com-
pressive stress along [110] or biaxial in-plane tensile stress will also increase the intrinsic splitting
between the fourfold, unprimed and the twofold, primed subband ladder.

61



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verflgbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

QUANTUM CONFINEMENT
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Figure 4.6: On the left the projection of constant-energy surfaces onto the (001) plane is
plotted. The concentric circles indicate the twofold degeneracy of the unprimed
ladder. Constant-energy lines of the primed ladder have ellipsoidal shape. On the
right the effect of shear strain £;, on the subband dispersion is visualized: the
effective masses of the unprimed subband ladder change.

4.2.3 Substrate Orientation (111)

On (111) substrate only one subband ladder forms which is sixfold degenerate. Biaxial in-plane
strain does not split the A valleys, hence the subband ladders remain sixfold degenerate. The
degeneracy can be lifted by applying stress along one out of the two in-plane directions, [110]
or [112], since the resulting strain yields a different energy shift (3.47) for different subband
ladders.
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Chapter 5

Physical Mobility Modeling

Carrier mobility is a key parameter for the numerical simulation of the electrical character-
istics of semiconductor devices. Many analytical models have been developed capturing
accurately the dependence of mobility on temperature, doping, and electric field [Lombardi88,
Selberherr89, Agostinelli91l, Shirahata92, Darwish97, Kondo0O1, Reggiani02]. All these models
were originally developed for unstrained Si. To describe the mobility in strained Si they have to
be adapted accordingly [Dhar05].

In this work the electron mobility in bulk Si and Si inversion layers is analyzed by solving the
semi-classical Boltzmann transport equation. The latter is solved numerically using a Monte
Carlo (MC) method. For this purpose the Vienna Monte Carlo simulator VMC [VMC2.006] was
developed, offering simulation algorithms for both bulk semiconductors and one-dimensional de-
vices with models based on both analytical bands (ABMC) and the fullband structure (FBMC).
VMC provides a comprehensive set of scattering models including phonon scattering, ionized
impurity scattering, alloy scattering, and impact ionization.

The chapter is organized as follows: In Section 5.1, the basic features of the carrier mobility in
semiconductors and the concept of the universality of the effective mobility are described. In
Section 5.2 the validity of the Boltzmann transport equation as a fundamental equation for the
description of carrier transport in semiconductor devices is discussed. The simulation method
and an overview of the scattering models are given in Section 5.3. Finally, a new MC algorithm,
which allows the inclusion of degeneracy effects, is presented in Section 5.4.

5.1 Mobility

Mobility describes the relation between drift velocity of electrons or holes and an applied electric
field in a solid.

Vg = [LE (5.1)
Here, vq is the drift velocity, E is the electric field, and /i denotes the mobility tensor.

In a semiconductor the mobility of electrons is different from that of holes. The reason is the
different band structure and scattering mechanisms of these two carrier types. When one charge
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Figure 5.1: Experimental electron mobility data for Si [Jacoboni77, Tosic81].

carrier is dominant the conductivity of a semiconductor is directly proportional to the mobility
of the dominant carrier. In Figure 5.1a and 5.1b the electron mobility of Si is plotted. The
mobility in Si is a strong function of temperature and impurity concentration.

The device characteristics of MOSFETSs is strongly influenced by transport in the inversion
layer. Thus, the lattice mobility, representing a bulk quantity, cannot be directly used as a
model parameter. In fully depleted silicon-on-insulator (FDSOI) and ultra-thin-body (UTB)
MOSFETS all charge carriers reside in the inversion layer, thus quantum confinement and surface
roughness scattering have to be taken into account when modeling the mobility.

The low-field mobility in inversion layers, when analyzed as a function of the confining electric
field, is a function of doping, gate-voltage, back-bias voltage, and gate oxide thickness. Sabnis
and Clemens found that the mobility data shows a universal behavior [Sabnis79], if it is plotted
as a function of the effective field

=
Eeff = —HIS (Ndepl + TINS) . (5.2)
1

Here, 1 ~ 1/2 for electrons, Naepl and N are the depletion and inversion charge densities,
respectively, and kg; is the dielectric constant of Si. This led to the conclusion that the MOSFET
inversion layer mobility is a reproducible property associated with the Si-SiOs system, and not
a parameter sensitive to nominal process variations.

On the basis of this work, investigations for different substrate orientations were performed. It
was found that a similar universal behavior is achieved when the value of n [Takagi94]| is properly
adapted.

The first mobility studies were performed on MOSFETs with a spatially uniform doping profile
in the channel. Later on, the validity of the universality of the effective mobility in channels
with arbitrary doping profiles was investigated. It was discovered that the doping dependence of
the effective mobility can be eliminated if plotted as a function of E.g oc (7Ns + b/Ngep1), Where
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5.1 Mobility
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Figure 5.2: Universal mobility in Si inversion layer at T' = 300 K.

the coefficient b is sensitive upon the shape of the doping profile [Vasileska97].

With the advent of SOI technologies, the physical basis and limitation of the universal nature
of the effective mobility was examined for fully depleted SOI inversion layers. It was found that
the universal mobility behavior does not hold if the electron density distribution reaches the
lower surface of the Si layer. For such SOI structures with extremely thin Si film thickness Ty
it has been predicted that there exists another kind of universal mobility behavior as a function
of the inversion electron density Ng, independent of the impurity concentration Ngu, and the
buried oxide layer thickness Ty, [Shoji97].

The effective mobility peg in Si inversion layers can be experimentally determined from the drain
conductance gq in the linear region

. L gd(Vg)
Heff = WNS(Vg) 3 (53)

where L and W are the transistor length and width, respectively, N, is the surface carrier
concentration, and V, is the gate voltage. The value of E.g can be calculated from (5.2) using

kT
Ndepl =V 4K‘si¢BNsub/e 3 where qu = L ln(Nsub/n'i) . (5‘4)
e

Here, Ngup, is the substrate impurity concentration, E; — e¢p is the bulk Fermi energy, and n; is
the intrinsic carrier concentration of Si (n; = 1.4 x 101 em—2 at 300 K).

Figure 5.2 shows that the mobility characteristics of MOSFET inversion layers can be split into
three distinctive regions. At low inversion charge densities (low vertical fields), mobility is limited
by scattering with doping atoms and charges at the Si-SiO, interface (Coulomb scattering).
Going to higher inversion densities, phonon scattering gains importance and dominates over
Coulomb scattering. At large Ny scattering with surface roughness limits the total mobility.

To understand how the different scattering mechanisms affect the performance of a device on a
circuit level, the device switching trajectory in the Vpg-Vigs space has to be considered. It has
been found that for the delay of a ring oscillator the mobility at low and intermediate E.g is
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important, because there the device spends comparatively more time than in the high gate field
region [Mujtaba95].

5.2 Validity of the Boltzmann Transport Equation

As device dimensions in modern CMOS transistors are in the order of only several ten nanome-
ters, the question of the validity of the Boltzmann transport equation,

Ofn(r,k,t)

1 0 frn
5t +on(k) Vefu(r k,t) + ﬁF(r) Vifo(r k,t) = <8j7;>cou , (5.5)

as a fundamental description of carrier transport arises. This equation was originally derived for
dilute gases. In the following some of the approximations of the Boltzmann transport equation
and their implications are addressed.

The solution of the Boltzmann transport equation with an external force F'(r) provides the
distribution function f, (7, k,t) from which macroscopic quantities can be derived. The right-
hand side of (5.5) describes the changes to the distribution function induced by scattering.
The particle’s group velocity is determined from the semiconductor band structure E, (k) as
vy (k) = " 1VgE, (k). In the parabolic band approximation, h~'VFE, (k) = hk/m*, and the
particle’s group velocity can be calculated from the effective mass tensor m*.

The distribution function f,(r, k,t)d*kd3r defines the probability density to find a particle in
d3kd3r at a given time ¢t. Obviously, such a statistical description can only be appropriate when
the number of carriers is large. Extremely down-scaled devices may contain too few carriers to
justify this kind of statistical treatment.

Since carriers interact through their electric fields, the distribution function f,(r, k,t) at a
particular point in the six dimensional position-momentum (phase) space at a given time can
only be determined from the knowledge of f,, in all other points. This would involve a treat-
ment using an N —particle system and an N —particle distribution function. However, if the
carrier-carrier correlations are weak, the N —particle distribution function can be contracted
to a one-particle distribution function [Harris04]. Alternatively, the influence of other carriers
can be treated through the self-consistent electric field [Venturi89] and schemes where the Pauli
exclusion principle is included [Bosi76, Lugli85, Yamakawa96, Ungersboeck06b].

A main assumption of the Boltzmann transport equation is that particles can be treated semiclas-
sically, obeying Newton’s law. Quantum mechanics enters the equation only through the band
structure and the description of the collision term. Since both the position and the momentum
of a particle are arguments of the distribution function, apparently the quantum mechanical
uncertainty principle ApAr > f/2 is violated. Assuming a spread in particle energy of k7', one
finds that the spread in position is

Here, A\g denotes the particle’s thermal average wavelength. Thus, one should not attempt to
localize the particle’s position exactly with respect to its thermal average wavelength. If the
potential varies sharply on the scale of Ag, which is typically in the order of 10 nm to 20 nm
at room temperature, condition (5.6) is not satisfied, and instead of the Boltzmann equation a
wave equation must be solved to study the propagation of a carrier wave through the device.
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5.3 The Monte Carlo Method

5.3 The Monte Carlo Method

Numerical techniques allow a solution of the Boltzmann transport equation with a rigorous
treatment of the collision terms. Among them, the Monte Carlo (MC) method is well established
[Kosina0OOb]. In the MC method, trajectories of charge carriers undergoing scattering events are
calculated numerically both in real- and in momentum space under the influence of an external
electric field. The method uses random numbers to select a scattering event and to determine
the time of free flight. Because of its statistical nature, the calculation of a large number of
trajectories is required to determine the average values of interest with a certain precision. In
fact, this is the main disadvantage of the MC method as compared to deterministic solution
methods of the Boltzmann transport equation. However, especially for the simulation of hot-
carrier transport phenomena in two- or three dimensions MC is the method of choice, since
complex physical models can be taken into account.

After the pioneering work of Kurosawa in 1966 [Kurosawa66]|, who was the first to apply the MC
method to simulate carrier transport in semiconductors, a significantly improved MC method
was successfully applied to transport calculations in a variety of semiconductors [Jacoboni83].
For electrons in Si, the most thoroughly investigated case, it is believed that a satisfactory
understanding of the band structure and of the basic scattering mechanisms has been achieved
giving rise to a “standard model” [Fischettio6b].

For predicting performance of modern CMOS bulk and SOI devices an accurate MC evaluation
of carrier transport properties in inversion layers is of primary importance. Due to the strong
confinement of carriers in the inversion layer of MOSFETSs or due to the geometric confinement in
multi-gate FETs the carrier motion is quantized in one or two confinement directions giving rise
to the formation of subbands. The MC approach may incorporate the subband structure to de-
scribe the quantized carrier motion in the direction orthogonal to the current. The subbands are
calculated by the self-consistent solution of the corresponding Schrédinger and Poisson equation.
The free carrier motion within each subband may still be considered semiclassical and therefore
can be well described by the corresponding Boltzmann equation for the subband distribution
function f,(r, k,t), where k is a 2D wave vector. Because of possible carrier scattering between
different subbands, the collision integrals on the right-hand-side of the Boltzmann equation have
to include the terms responsible for the intersubband scattering processes. The transport in the
inversion layer of a MOSFET is finally described by a set of Boltzmann equations for every
subband, coupled by the intersubband scattering integrals. The set of the subband Boltzmann
equations for f,(r,k,t) is conveniently solved by a MC method. Therefore, this approach com-
bines the advantages of a quantum description in confinement direction with a semiclassical
description in transport direction.

In the following, from the set of scattering models included in the simulator VMC only the
electron phonon scattering mechanisms and their adaptation for the 2DEG are discussed in
detail, whereas we refer to the documentation of VMC [VMC2.006] for a complete description of
implemented scattering models. Additionally, the models for surface roughness scattering and
dielectric screening of the 2DEG will be described.
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5.3.1 Bulk Scattering Mechanisms

The collision integral at the right hand side of Boltzmann’s transport equation is defined as the
rate of change of the distribution function

Ofn / /
(at)cou 277- (27)3 Z/ fn r.k t))Snn’(kvk ar,t)fn/(’f‘,k ,t)

-(1- fn/(r,k’, ) Snin (K kyr, ) frl(r, ke, £)d3K . (5.7)

It describes the transition from an arbitrary state (n’, k') into the state (n,k) and the reverse
process assuming that scattering does not change the particle’s spin. The probability density
rate for a transition from the initial state (n’, k') to a final state (n, k) depends on position and
is proportional to the occupancy of the initial state f,/(r, k), proportional to the transition rate
Spn(k,K' ;7. t), and to the probability that the final state is not occupied (1 — f,,(r,k)). The
latter factor is a result of the Pauli Principle and will be discussed in more detail in Section 5.4.

Omitting time and position dependence for the sake of brevity, the scattering rates are defined
as

S, (k P /ann (K k)A3K (5.8)
Bz "
where the integration can be performed over the first BZ or any primitive cell in the reciprocal
space. The scattering rate represents the rate at which particles are scattered out of the initial
state (n, k). From Fermi’s Golden Rule it follows that the scattering rates are proportional to
the final density of states per spin, g, (F), which is given by

1
i (B) = s [ 6 — Eulk)) % (5.9)
(2m)
cell
In fullband MC simulations this integral is evaluated numerically. Using an analytical description
for the conduction bands, the minima of the conduction bands (valleys) are approximated using
the bandform function

h2
v Z k *v Egonpar(k) - Eg) (1 +a (Egonpar(k) - EE)])) (510)
i,j=1 Mg

=FE(1+a"E) (5.11)
Note that the band index n was replaced by the valley index v, and E denotes the energy
with respect to the valley offset Ey. m} ;; denotes the effective mass tensor, and «" the non-

parabolicity coefficient of the valley with index v. A parabolic band dispersion is obtained if the
nonparabolicity coefficient o is zero.

The density of states of the analytical band structure evaluates to
1 {mgo}*?

g’ (E) = EW YW(E)(142a"E) (5.12)

where mJ_. denotes the density of states mass of the v-th valley

Moy = {miy }o (i} {miy ) (5.13)
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5.3 The Monte Carlo Method

which can be calculated from the effective mass tensor.

The transition rates from state (v,k) to state (v',k’) for phonon scattering in a non-polar
semiconductor can be written as [Jacoboni83]

(S ) = T (N % 5 ) ODenEPSE () - B Fhwl. (50
pQuwy 2 2

Here, the upper and lower symbols refer to phonon absorption and emission, respectively. The

rate depends on the momentum transfer ¢ = k — k’, the phonon number Ny, the deformation

potential tensor D;; , the mass density of the crystall p, the phonon angular frequency wy , its
polarization &;, and the overlap integral &,
2

0= /uZ/(r)uk(T) exp(iG - r)d®r| . (5.15)
BZ

The overlap factors depend on the type of transition. For intravalley transitions of electrons,
0 is frequently set to unity, even though this is true only for exact plane waves or for wave
functions formed with pure s states [Jacoboni83]. Because the lowest conduction band of cubic
semiconductors is a mixture of a s and p-type state, an overlap factor less than unity is obtained.
Both for intra- and intervalley transitions ¢ was found to be almost constant for each type of
scattering process [Reggiani73], thus the values for ¢ may be included in the coupling constants.

Acoustic Intravalley Scattering

The expression for the scattering probability for electron intravalley scattering from acoustic
phonons can be simplified by using the elastic and equipartition approximation. Within this ap-
proximation, the energy transfer in a scattering process is neglected, and the phonon population
given by the Bose-Einstein statistics

Ny ORRE (5.16)
exp (7 ) —
. . . . kT, 1
is represented by the equipartition expression N, ~ w2 Thus, (5.14) becomes
S
SomyU (K k) = L — | 6[EY(K') — E” (k)] , 5.17
(S k) = el (TBIL = ) o[ (k) — (k) (5.17)

where v denotes the valley index, 77, is the lattice temperature, Egdp is the acoustic deformation
potential of the v-th valley, kg is Boltzmann’s constant, us denotes the average sound velocity,
and p is the mass density of the crystal.

Since in the elastic approximation no distinction is made between absorption or emission pro-
cesses, both transition probabilities can be added. In this approximation acoustic scattering is
isotropic: any state k' belonging to the equi-energy surface has the same probability of occur-
rence, independent of the angle of the initial state k. Thus, the rate for acoustic scattering is a
function of energy only

orkpTi {2V, 12
_ 2k Ti{Z, ) ¢’ (E) , (5.18)

(S} (B) = =
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Table 5.1: Parameters for phonon scattering. The intervalley scattering parameters for the
A-valleys are taken from [Jacoboni83].

Silicon Units

Intra p 2.332 g/cm?

Vs 9.05P cm/sec

Bt 9.0P eV

hwep 61.2°¢ meV

DK, 1.75¢ 108eV /cm
Interan  hwgr 12.06 meV

DiKgi 0.5 10%eV/cm

hwgo 18.53 meV

Di Ky 0.8 10%eV /cm

hwes 62.04 meV

DKy 11.0 10%eV/cm

hwey 18.86 meV

D Kp 0.3 108eV/cm

huwyy 47.39 meV

DKy 2.0 108eV /cm

hwes 59.03 meV

DKy 2. 108eV /cm

a [Jacoboni83], ® [Jungemann03], ¢ [Fischetti96b]

where g" (F) is the density of states per spin.

Optical Intravalley Scattering

The scattering probability can be written, starting from (5.14), by replacing Z2¢?¢? with a
squared optical coupling constant {D;K"}? [Jacoboni83]. This constant can also include an
overlap factor &. The energy associated with the optical phonon fw,, and the phonon number
N, = Ngp can be assumed to be constant. Hence, the resulting scattering probability is

abs
mi

(S W) = o (Nt 7 ) D VOE W)~ ) F gl . (19)

The scattering rate for optical phonons is a function of the final energy E + hwqp

abs n{D;K"}? 1_1
{Sgr;}v (E) — g <Nop + i T 2> g” (E 4 hﬂfop) . (5.20)
PWop
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5.3 The Monte Carlo Method

From the matrix element theorem one can derive that this type of scattering occurs only in the
conduction band valleys along the (111) directions [Harrison56].

Intervalley Scattering

Both acoustic and optical phonons can cause electron transitions between states in different
conduction band valleys. This scattering can be formally treated in the same way as intravalley
scattering by optical phonons[Harrison56, Conwell67].

The scattering rate for intervalley scattering out of a valley v for a phonon mode 7 is given by

. m{ DKy 2" 11\ o o
{Sg™} (E)_;) o (Nn—|—2:F2>g (E + fw, — AE ) : (5.21)

where a summation over the final valleys is performed. The allowed final valleys v" are determined
by the selection rules for a phonon mode 7: g-type phonons can induce transitions between
valleys which are located on the same axis in the three dimensional k space, whereas transitions
among orthogonal axes are labeled f-type. The squared coupling constants {DtK};/”}Q depend

upon the initial and final valley and the phonon branch 7 involved in the transition. Z v denotes
the number of possible final equivalent valleys, N, is the phonon number, and AEY" is the
difference between the energies of the minima of the final and initial valley. Since strain is able
to change AE"" the intervalley scattering rate can be efficiently reduced through strain.

The numerical values entering the bulk phonon scattering rates are summarized in Table 5.1.

5.3.2 Scattering Mechanisms in the 2DEG

In analogy with the 3D case, the scattering rates for electrons residing in subband n of valley v
are obtained from an integration over all possible two-dimensional k' states after scattering

SU(k) = / ko'Zs;; N (5.22)

Here, A denotes the area, and a summation over all subbands n’ and valleys v’ after scattering
is performed. The density of states per spin for the 2DEG is obtained as

gn (E) = (27102/5[13 (k)] d% . (5.23)

As in the three dimensional case the energy subband dispersion E} (k) of subband n in a valley
v can be approximated close to its minimum using a nonparabolic relation [Ando82, Laux88]

h2 ki k3
where ' = E} (k) — E;, , denotes the energy with respect to the subband minimum E}, ;, and a;,

is the nonparabolimty coefﬁment. The integration over the energy in (5.23) can be performed
analytically yielding

g, (B) = W(l + 224 E)O[E] (5.25)
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for the density of states of the subband n of valley v. Here, ©® denotes the Heaviside step function,
and {mgqes}" = \/nm is the density of states mass. In Si the subband dispersion is frequently
assumed to be independent of the subband index n [Jungemann93, Fischetti02, Roldan96]. The
masses m,; and m/, for three substrate orientations of Si are listed in Table 4.1.

The bulk phonon scattering model for the six valleys along A has been adapted for the 2DEG fol-
lowing the treatment of Price [Price81]. The well accepted model for the bulk phonon spectrum
of Jacoboni [Jacoboni83] can be used for the Si inversion layer.

Acoustic Intravalley Scattering

In the 2DEG scattering with long-wavelength acoustic phonons causes intra- and intersubband
transitions within the same valley. The transition rate of electrons in the inversion layer due to
interaction with acoustic phonons is given by [Price81]

2rksTL{E],, ) 1

v / v N _ v
{SaC}n’n(k ?k) - i Apulg bzq/;n(s[ n’(k) En(k)] . (526)

Here, n and n’ denote the subband indices, v the valley index, and v, is the longitudinal sound
velocity. In (5.26) an overlap integral occurs,

o0

1 N 9
s = [ G @PIG @R (5.7

n'n

0

where Cf«i; (z) denote the one dimensional envelope wave functions being solutions of the Schro-
dinger equation (4.13). The parameters b;{/?@ have the unit of length and are usually referred to
as effective widths. It can be understood as the effective extent of the interaction region between
electrons in different subbands and valleys in the z direction.

Using the nonparabolic density of states (5.25) the scattering rate can be written as

2 kB,I‘{Egdp}2 Z 1

[Sucka(B) = T 0 (B = Bl (5.2)
PUg n'n

n/

Intervalley Scattering

In the 2DEG intervalley scattering causes transitions to valleys belonging to either the same or to
different subband ladders. Following Price’s treatment for intravalley optical phonon scattering
the transition rate for transitions between different valleys becomes

1 1

DiK,)?, 1 '
m(DiKp)or, <Nn_|_2q:2>5[ v(K') — Ern(k) F hw,| , (5.29)

Apuwr, bg’,%

abs
{5y (K k) = (1=0)

where v and v" denote the valley index before and after the transition, respectively [Price81,
Jungemann93]. A summation is performed over all final valleys v" which are determined by the
selection rules for phonon mode 7.
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5.3 The Monte Carlo Method

Using the effective mass approximation, the scattering rate for intervalley transitions from an
electron in valley v and subband n can be written as (5.22)

MDY 1 11\ o /
(sEpmE =33 o N+ 5 F 5 ) g (B £ hay — Ey) (5.30)

pw 2
n' v'#v n

Surface Roughness Scattering

The deviations of the interface from an ideal flat plane can be described by a two-dimensional
roughness fluctuation, A(r), where r is the two-dimensional position vector in the plane of
the interface [Ferry97]. The potential associated with the roughness A(r) can be viewed as a
combination of two effects:

e The boundary perturbation causes the envelope functions to be displaced from their un-
perturbed positions.

e The imposed fluctuation of the electric field and the charge density at the rough interface
give rise to an electrostatic contribution to the potential.

The original formulation of Prange and Nee [Prange68] of the unscreened matrix elements for
surface roughness scattering has been adopted. It can be applied for scattering at two inter-
faces [Esseni0O4]

B2 d¢y (2ine) G (2ine)

C(q)
Munscr U 2 — FY 2 h FY = n . 31
{ W@ = SEE L where Fy = 5 S e S (5:31)

Here, g = k — k' is the momentum transfer, my is the quantization mass of electrons in valley v,
and d¢} (zint)/dz denotes the derivative of the envelope function with respect to z at the position
of the interface (for instance, ziny = 0, and zipy = Ty for the front and back-interface of a thin
Si film). The spectral density C(q) is the 2D Fourier transform of the autocovariance function

C(r) = (A(FAF = 7)), (5.32)

where the brackets denote the ensemble average of the roughness fluctuation A(r). The rough-
ness spectrum is frequently assumed to be Gaussian [Jungemann93, Esseni03, EsseniO4]

Clq) = mALn L exp(—(gLe/2)) | (5.33)
or of exponential shape [Goodnick85, Ferry97]

WA?HIS C
0T (@@L (5:34)

Clg) =

Here, Apps is the root mean square value of the roughness fluctuations and L. is the autoco-
variance length.

The transition rate for surface roughness scattering is

27TC( )

S (k. k') = == = {F, 2O B (K) — B, (k)] (5.35)
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where intersubband transitions due to surface roughness are restricted to the same valley [Esseni03,
Cheng71]. In the nonparabolic band approximation the scattering rate for a Gaussian spectrum
is given by

2 v
422/dk8, (k. k') =

2
Bl 5, 12 [ exp—(aLe 22 5T () - E3(0) =

2
wArms ngn (E — EL){F) }2/d¢ exp(—(qLc/2)?). (5.36)

Assuming isotropic bands m” = m{; =~ m{, =~ ,/m, 1m,2, the integral over the angle can be
written as

2 o

_L2 k./2 ]{2 _L2 g ’
/dd’/ exp(—(qLC/2)2) = €xXp <C(4+)> /exp <C(2)COS¢> de’
0 0

_T2(12 412
= exp <LC(k4+k)> 21Ty (y) , (5.37)

where y = —L?k’k/2, and Zy denotes the modified Bessel function of the first kind.

Since the electrons in the inversion layer screen the scattering potential, the transition rate
for surface roughness scattering is reduced. The dielectric function relates the unscreened and
screened matrix elements of the scattering potential through the dielectric function ep

{Mssrcr :)L Z Z {MUHSCI‘ w ( ) . (538)

it (nn)(mm>( a)

Because surface roughness represents a static potential the dependence on the frequency w can
be dropped. Since the number of relevant subbands can be of order 100 [Jungemann93], further
simplifications are required to numerically evaluate the impact of screening.

In the long-wavelength limit, ¢ — 0, intersubband transitions are completely unscreened [Ferry97],
thus {M"}r, (q) = {My™"}v, (q). Furthermore, the multisubband dielectric function reduces
to a scalar function when neglecting the intersubband polarizabilities and the correction terms
due to the intrasubband polarizabilities of the other subbands [Ferry97]. This approximation is
frequently applied for transport simulations [Esseni03, Esseni04]. The scalar dielectric function
for intrasubband transitions can be given in terms of the polarization function L, (q) and the
form factor F,,(q)

e2
@) =143 3 5 Fila)Li(a). (5.39)

where kg is the dielectric constant of Si [Ferry97]. The polarization function can be expressed
in terms of the Fermi-Dirac distribution function frp

f feplE5 (k + q)]
- 22 Fp|E EU k - q)FD 0 (5.40)
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5.3 The Monte Carlo Method

Table 5.2: Parameters for scattering in the 2DEG for {001} and {110} substrate orientation.
For intervalley scattering the bulk parameters of Table 5.1 are used.

{001} {110}  Units

Esip 14.8 13.0 eV
L. 1.3 1.5 nm
Arms 0.4 0.55 nm

The form factor can be calculated from
F(@) = [ ds [ @GP EPGE ) (5.41)

Here, G(z, 7, q) denotes the Green’s function. For a semi-infinite Si layer the Green’s function
evaluates to [Ando82]

1 i / i o
G(z,7,q) = 5 [(1 - :'s ) e~ a7l 4 (1 + :S> edls—2 } . (5.42)
siog siog

For a Si layer sandwiched between two semi-infinite SiOz films (from z = 0 to z = Ty) it is given
by [Fischetti03]

1

/
G(ZaZ,Q):m

|:efq|zfz’| + e~ dl# | 4 fe—24Ts (eq\Z*Z’\ + gquZﬂ’I)] , (5.43)

where k& = (Ksi — Ksioy )/ (Ksi + Ksioy )-

Both the form factors and the polarization function are evaluated numerically from the wave
functions and are used to calculate the screened surface roughness scattering rate.

5.3.3 Coupling to the Schrodinger Poisson Solver

In this work the Schrédinger-Poisson solver SCHRED 2.0 [Vasileska00] was extended to allow
general strain conditions and arbitrary substrate orientation. The dependence of the subband
spectrum on the Si substrate orientation has been implemented by taking the proper masses
my,1, My 2, and m according to Table 4.1. Recently, a coupling with VSP [Karner06] has been
established.

The impact of strain is implemented by taking into account the strain-induced effective mass
change using the analytic expressions (3.94),(3.98), and (3.99). Furthermore, the energy shifts
of the subbands induced by strain are superimposed to the subband energies during the self-
consistent solution of the Schrodinger-Poisson system.

The tool flow for a transport simulation in Si inversion layers is depicted in Figure 5.3. First,
values for the input parameters of the Schrodinger-Poisson solver, such as Ngqp, Vg or T, have
to be specified in an according input file. These values, together with the strain and the sub-
strate orientation are passed to the Schrodinger-Poisson solver. In a postprocessing step the
eigenenergies and wave functions of the subbands and the Fermi level are used to calculate the
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( Schrodinger—Poisson solver pm'amelrrs)

output: wavefunctions, subband
energies, inversion layer concentration

postprocessing ( Monte Carlo parameters J

output:
effective widths, static dielectric function

Figure 5.3: Flow chart for coupled Schrodinger-Poisson solver and Monte Carlo simulation.

e effective widths (5.27) which enter the phonon scattering rates,
e surface roughness scattering matrix elements (5.31),

e polarization function (5.40) and form factors (5.41) entering the static dielectric function.

Hereafter, the Monte Carlo parameters have to be initialized and are passed to the MC sim-
ulator together with the postprocessed output of the Schriodinger-Poisson solver. If the quan-
tity of interest is the effective electron mobility, a special Monte Carlo algorithm can be used
[Kosina00Oa, Smirnov03|. It was originally designed for small signal analysis of the three dimen-
sional electron gas, and in this work generalized for the simulation of the zero field mobility in
inversion layers [Ungersboeck06b, Sverdlov06].

5.4 MC Algorithm Including Degeneracy Effects

In transport calculations of the 2DEG forming in the channel of a MOSFET the inclusion of the
Pauli principle is expected to be important since the lowest subband may lie well below the Fermi
level even in the regime of moderate and high effective fields (high inversion layer concentrations).
This leads to modified subband populations and an elevated mean kinetic energy of electrons as
compared to the nondegenerate case. A change in the mobility is therefore to be expected.

Surprisingly, there is a discordance in the literature whether and how degeneracy effects should
be included in transport calculations of inversion layers. Therefore, the ways to include the Pauli
principle in a MC algorithm are revised and critically compared to each other. The usual method,
where the Pauli blocking factor [1 — f(k)] is approximated using the equilibrium distribution
function frp(k), can be shown to lead to unphysical subband populations, kinetic energies,
and mobilities. The reason being that at high degeneracy the error §(k) = f(k) — frp(k) is
dominant.
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5.4 MC Algorithm Including Degeneracy Effects

A new MC algorithm accounting for the Pauli exclusion principle is proposed which is less
sensitive to the error (k). The proposed algorithm is based on the following reformulation of
the collision operator

k= /f(k’)[l — f(R)]S(k, k') dk' — /f(k)[l — f(EN]S(K k) dK/
= /f(k’)S(k,k') — [(k)S(K', k) + f(k)f(K')[S(K', k) — S(k,K)] dK" (5.44)

additional term

where the band index n and the time dependence of the distribution are dropped. The last
term represents a nonlinear correction to the nondegenerate collision operator. To linearize the
scattering operator it is common to keep one factor of the product f(k)f(k’) constant and to
treat the other as the unknown.

Near thermodynamic equilibrium, the distribution function f can be approximated by the Fermi-
Dirac distribution function frp. The key point of the new method is that a symmetric approx-
imation with respect to k and k' is employed

FUMFK) ~ & (FR) () + frp(k)F(K)) (5.45)

Using this approximation the scattering operator can be expressed in terms of a modified tran-
sition rate S(k, k') and scattering rate A as

k_/f (K)S(k, k') dk' — f(k) g -
with
Sk, k) = Sk, k) (1 - % fFD(k’)> + S(k, k’)% feo(K) . and (5.46)
e = / S(K' k) dk' . (5.47)

A simple error analysis shows the advantage of this formulation. Consider a highly degenerate
state k, characterized by f(k) ~ 1. A direct approximation of the blocking factor [1 — f(k)] can
give completely wrong results, because the approximation of the blocking factor is determined
by the error, 1 — (frpp + ) ~ §. In the formulation (5.46), however, because of § < 1 the effect
of the error will be negligible, 1 — (fpp +0)/2 ~ 1/2.

The modified transition rate (5.46) is given by a linear combination of the forward rate S(k, k')
and backward rate S(k’, k). The latter can be expressed in terms of the forward rate by means of
the principle of detailed balance [Ashcroft76]. The modified scattering rates for phonon emission
and absorption become,

~ 1 fro(Er)

Rem = Aem <1 -3 (5.48)

~ 1 fro(Er)

Nab = Aab <1 ) (5.49)
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where Er denotes the final energy and Ny the equilibrium phonon distribution function,
1

exp (lf‘B"—%) -1

To implement the Pauli principle in a conventional MC program for nondegenerate statistics the
only modifications necessary are the replacement of the classical scattering rates by the modified
ones.

Ny =

For elastic scattering mechanisms the modified scattering rates do not change from the clas-
sical ones, \p, = A\g. For the simulation of the 2DEG one can assume scattering with surface
roughness, impurities, and acoustic phonons to be elastic.

In Section 6.3.2 simulation results using the new MC method including the Pauli exclusion
principle are discussed. It is shown that in the low field limit the proposed algorithm yields the
same mobility as the Kubo-Greenwood formula, while other algorithms do not. We use the new
method to extract velocity profiles and to illustrate the large effect of degeneracy on the electron
system.
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Chapter 6

Simulation Results

n this chapter the results of band structure calculations and of electron mobility simulations
for Si under general strain conditions are presented. Special emphasis is put on shear strain
arising from stress along (110) because of its high relevance from a technological point of view.

The chapter is organized as follows: In Section 6.1 results from band structure calculations
using the empirical pseudopotential method are presented. Especially the impact of strain on
the A-valleys of the lowest conduction band is analyzed as the electron mobility is mainly
determined by electrons residing in these valleys. Band structure calculations are compared to
the analytical expressions derived using a degenerate k-p-theory at the zone boundary X point.
The effective mass change of electrons predicted by the calculations is verified by comparison
with experimental data. Next, the effect of strain on the subband structure of Si inversion layers
as obtained from the Schrédinger-Poisson solver is examined.

In Section 6.2 the Si bulk electron mobility is analyzed for various strain conditions. The
impact of the strain-induced valley shifts and the strain-induced effective mass change on the
mobility is evaluated. Section 6.3 contains the simulation results of the effective mobility in Si
inversion layers. Again, focus is put on substrate orientations and strain configurations that
are of technological relevance. Finally, the influence of degeneracy effects on the inversion layer
mobility is analyzed and simulation results are compared to experimental data.

6.1 Bandstructure Calculations

The parameters relevant for the modeling of strain effects on the conduction bands of Si were
extracted from EPM calculations and are given in Table 6.1. The value for the uniaxial de-
formation potential Z5 coincides with the value extracted by Rieger [Rieger93]. The value for
the shear deformation potential =,, = 7.0 eV compares well with the values extracted from
experimental data: a value of 5.74+1 eV [Hensel65] has been predicted from cyclotron resonance
experiments. From more recent measurements of the indirect exciton spectrum of Si the value
7.5+2 eV has been obtained [Laude71]. By calculations based on a self-consistent perturbation
theory [Goroff63] the value 7.8 eV was obtained for the shear deformation potential. The effec-
tive masses and the band separation A = 0.53 eV between the two lowest conduction bands at
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Table 6.1: Bandstructure parameters extracted from numerical band structure calculations.

parameter EPM value Units
=2 9.29 eV
Eu 7.0 eV

A 0.53 eV
my 0.914 myg
mi 0.196 mg

K 52.83 1

i —0.809 1
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Figure 6.1: Calculated band edge energies of the A-valleys and L-valleys of (a) strained Si and
(b) strained Ge on Si;_, Ge, buffer with respect to valence band edge. Calculations
(lines) are compared to results obtained by Rieger [Rieger93| (symbols).

the conduction band minimum are in good agreement to experimental values [Hensel65]. Finally,
the two parameters defined in (3.89), K = 4Z,,/A = 52.83 and n = —0.809 were extracted from
EPM calculations. These two parameters are used in the analytical expressions for the effective
mass change (3.94), (3.98), and (3.99), and the valley shift (3.100) induced by shear strain.

6.1.1 Strain-Induced Shift of the Conduction Band Minimum

In Figure 6.1 the calculated band edge energies of biaxially strained Si and Ge are compared
to those of Rieger and Vogl [Rieger93]. Good agreement can be observed for both strained Si
for (001)-oriented Si;_,Ge, buffers and strained Ge for (001)-oriented Si;_, Ge, buffers for the
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Figure 6.2: Calculated band edge energies of the A-valleys and L-valleys of strained Si on
(a) (110)-oriented and (b) (111)-oriented Si;_,Ge, relaxed buffer with respect to

valence band edge.

whole range of substrate mole-fractions y.

In Figure 6.2 the band edge energies of the conduction band valleys of Si grown on Si;_,Ge,
buffers with orientation (110) and (111) are presented. For (111)-oriented buffers the A-valleys
do not split in agreement to the theoretical model (3.47). For (110)-oriented buffer the splitting
between the A-valleys of strained Si is very small. From a deformation potential theory which
neglects the lifting of the degeneracy of the two lowest conduction bands at the X points the
splitting cannot be reproduced. Using the deformation potential theory the valley shift between
the Ajggyj-valley pair and the Ajgig-valley pair increases linearly with strain [Singh93]

SEy ™ — ESI — 2867 (6.1)

where ¢|| = (asige — @si)/@si, ¢ = (c11 + 2c12)/ (€11 + €12 + 2¢44), and asjge is the lattice constant
of the Si;_,Ge, buffer.

When taking into account the additional valley shift of the A[mll-valley due to shear strain, the
total valley shift is obtained from

A
0By ™" + 5B, ™ — Ey "™ = ¢ (1 - €||5I"‘"‘2) ‘ o
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Figure 6.3: Valley splitting of the Ajggy and Apgq valleys of biaxially strained Si on a (110)
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Figure 6.3 shows that the model (6.2) agrees much better with the results of EPM calculations.

The shifts of the band edge of the A-valleys and the L-valleys are calculated for uniaxial stress
along four different directions. Figure 6.4 shows that the valley shifts are linear for stress up to
2 GPa, and that the largest splitting among the A-valleys is obtained for the stress direction
(100). Since the conduction band edges are given with respect to edge of the top valence band,
which is either the heavy-hole or the light-hole band depending on the sign of stress, the slope

of the valley splitting at 0 GPa changes.
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Figure 6.4: Calculated energies of the A-valleys and L-valleys of Si with respect to the valence
band edge as a function of uniaxial stress for various stress directions.
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6.1.2 Strain-Induced Change of the Shape of the Conduction Band Edge

In Figure 6.5 the energy dispersion of the two lowest conduction bands along the A symmetry
lines are given for 2 GPa uniaxial stress along four stress directions. The different splitting can
be interpreted from the strain tensor resulting from stress as given in (3.18):

e Since the off-diagonal elements of the strain tensor vanish if stress is applied along [100],
the degeneracy of the conduction bands at the X-points is not lifted. Stress shifts the
Afgoy-valleys up in energy with respect to the other four valleys.

e For stress direction [110] the non-zero e,, component lifts the degeneracy of the conduction
bands at the [00£1] X-points. Thus, a noticeable effect of strain on the effective masses
and the mobility is expected.

e Stress along [111] is not expected to give rise to electron mobility enhancement. The non-
zero off-diagonal components equally lift the degeneracy of the conduction bands in all six
X-points, however, the valley degeneracy remains.

e For [120] stress all three valley-pairs are shifted with respect to each other. Additionally,
the Ajggy-valley is affected by the splitting of the two conduction bands along [001] due
to the non-zero e,, component.

In Figure 6.6 the lifting of the degeneracy of the two lowest conduction bands is analyzed as
a function of €,,. The splitting is linear with £, and can be approximated using the analytic
expression 0F = 45/, using 7.0 eV for the shear deformation potential.

The change of position of the minima of the conduction band edge and the A-valley shifts
resulting from shear strain e, are plotted in Figure 6.7, where results from EPM calculations
are compared to the analytical expressions (3.92) and (3.100).

The shear strain-induced effective mass change of the transverse and longitudinal mass char-
acterizing the Ajygy-valley pair of Si is plotted in Figure 6.8. Again, results from the EPM
are compared to the analytical expressions, (3.94), (3.98), and (3.99). Good agreement can be
observed for e;, < 1.5%. For larger values of shear strain, the change of the effective masses as
obtained from k-p theory is smaller than that from the empirical pseudopotential method.

The calculated change of the effective mass induced by shear strain has been compared to values
extracted from cyclotron resonance measurements. Good agreement is achieved as can be seen
in Figure 6.9.

Finally, in Figure 6.10 the constant-energy lines in the plane k, = ky,;, are shown. For increasing
ezy the evolving ellipsoid is characterized by two different transverse masses given in (3.98) and
(3.99). The principal axes of the ellipses are [110] and [110].
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Figure 6.5: The two lowest conduction bands along the A-symmetry lines with respect to
valence band edge at 2 GPa uniaxial stress for various stress directions.
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Figure 6.6: (a) Calculated energy dispersion of the A; and Ay conduction bands of Si along
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strain £,,. (b) Calculated energetic split between the two lowest conduction bands
at zone boundary from EPM calculations (symbols) and from analytic expression
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Figure 6.7: (a) Position of the conduction band minimum as a function of shear strain e,
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6.1.3 Subband Structure

Figure 6.11 shows the three lowest energy levels, EY(k = 0), and the populations of the subband
ladders of Si inversion layers for substrate orientation (001), (110), and (111) as a function of
the inversion layer concentration at a substrate doping concentration of 1 x 106 cm™2. The
energy levels are plotted relative to the lowest subband energy level. Two subband ladders
are formed in (001)- and (110)-oriented substrate, whereas in (111)-oriented substrate the six
A-valleys form only one subband ladder. It can be seen that the subband splitting increases
with the inversion layer concentration. Furthermore, the Fermi level crosses the lowest subband
level. This happens at an inversion layer concentration of 5 x 102 cm~2 for (001) oriented
substrate and above 1 x 103 em~2 for (110) and (111)-oriented substrate. Therefore, the 2DEG
is degenerate and the Pauli exclusion principle has to be included in simulations.

The subband populations for the three substrate orientations are compared in Figure 6.11b. The
population of the primed ladder is the largest for (001)-oriented substrate. Keeping in mind that
for this substrate orientation the transport masses of the primed ladder are larger than for the
unprimed ladder, one can anticipate the large potential of strain to reduce the primed ladder
population.

In Figure 6.12 the three lowest subband levels and subband populations for a substrate with
(001)-orientation are given at three stress configurations. Figure 6.12a and 6.12b show that a
tensile stress along [100] causes the primed ladder, being fourfold degenerate in the unstrained
case, to split into two ladders with twofold degeneracy. A stress of 1 GPa is able to shift up in
energy one of these ladders (the unprimed one) such that the population of this ladder is below
2% at all inversion layer concentrations.

Stress along [110] does not change the degeneracy of the subband ladders. Figure 6.12d shows
that the population of the primed ladder decreases below 20% for this type of stress. Addition-
ally, the effective mass change induced by stress along the [110]-direction does not significantly
change the subband levels and subband populations at 1 GPa stress. The small effect of stress on
the unprimed ladder is not surprising since the subband energies and populations are determined
by the quantization mass mygo;) and the density of states mass | /m110/M[170], respectively, which
are not largely affected by the shear component £,, = 0.314% resulting from 1 GPa stress.

Biaxial tensile stress in the (001)-plane can be seen to be the most efficient configuration to
reduce the population of the primed subband ladder below 5% at 1 GPa (Figure 6.12f).

In Figure 6.13 the lowest subband levels and subband populations for a substrate with (110)-
orientation and 1 GPa tensile stress along [001] are shown. The stress moves the primed subband
ladder up in energy, thereby reducing its occupation below 2%.
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Figure 6.11: Three lowest subband energies and subband ladder populations for substrate
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Figure 6.12: Three lowest subband energies and subband populations for (001)-oriented sub-
strate at 1 GPa tensile stress and three stress directions. Neg, = 1 x 1016 em—3
and 7" = 300 K.
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Figure 6.13: Three lowest subband energies and subband populations for (110)-oriented sub-
strate at 1 GPa tensile stress along [001]. Ngp =1 x 1016 ¢m=—3 and T = 300 K.
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Figure 6.14: Simulated bulk electron mobility of intrinsic Si as a function of strain for stress
direction [100] (a) and [110] (b). Mobility from FBMC (solid lines) and ABMC
(dotted lines) simulations is plotted along the stress direction and two orthog-
onal directions. Symbols indicate the change of mobility calculated using the
piezoresistance coefficients [Smith54].

6.2 Bulk Electron Mobility of Strained Si

In Figure 6.14 we compare simulation results for the electron mobility of strained Si obtained
with FBMC and ABMC for the stress directions [100] and [110]. Mobility is plotted in three
orthogonal directions, one being parallel and two being perpendicular to stress. Comparing
simulation results from ABMC with FBMC allows: (i) a direct interpretation of the FBMC
results, and (ii) the extraction of the limits of validity of the analytical band model.

In Figure 6.14a the simulation results from ABMC and FBMC for stress along [100] are com-
pared and good agreement is observed. The resulting mobility is anisotropic in the (001) plane
(#[100] 7 Kjo10))> Which is a result of the strain-induced A-valley shifts. Mobility saturates at ap-
proximately 1% strain, regardless of the sign of strain. The saturated mobility values are larger
for compressive strain, since for this type of strain four A-valleys are being depopulated, while
for tensile strain only two valleys are being depopulated. Thus, the larger amount of intervalley
scattering and the larger transport mass of the two populated valley-pairs reduces the mobility
enhancement for tensile stress.

In Figure 6.14b simulation results are shown for stress along [110]. At compressive stress (neg-
ative e, ), four valleys move down in energy, yielding a decreased mobility in the (001) plane
and a mobility enhancement along [001]. However, if tensile stress is applied along [110], the
mobilities along the three directions [110], [110], and [001] are different from each other with the
largest mobility enhancement in [110] direction. Furthermore, no clear mobility saturation is
observed as £, increases. The reason for the different mobility enhancement under [110] tensile
stress compared to [100] stress is that for this particular stress direction the valley pair along
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Figure 6.15: (a) Constant-energy surfaces of the lowest Si conduction band under uniaxial
tensile stress along [110] and projection on the (001) plane. (b) Simulated in-
plane electron mobility for various stress levels. At 0.5 GPa simulation results are
compared to the mobility calculated from the piezoresistance coefficients (open
squares).

[001] is primarily populated. As shown in Figure 6.10, this valley pair experiences a pronounced
deformation as a function of shear strain ¢,,,. In ABMC simulations this deformation was ac-
counted for by using expressions (3.100), (3.94), and (3.99). It can be seen that the simulation
results from ABMC qualitatively agree with those from FBMC up to 0.5% shear strain. At
larger strain levels the band deformation is so pronounced that an energy band description in
terms of an effective mass is no longer accurate, and FBMC have to be used even in the case
of low-field transport to calculate the mobility. It is anticipated that a somewhat better agree-
ment between ABMC and FBMC could be obtained, if the strain effect on the nonparabolicity
coefficient @ were ineluded in the analytical band model.

The simulated mobility enhancement for stress along [100] and [110] was compared with predic-
tions from a model based on the linear piezoresistance coefficients [Smith54]. Good agreement
is found for both stress directions at small stress (< 0.2 GPa) where the model is valid (see
Figure 6.14). Models solely based on strain-induced intervalley electron transfer [Herring56] fail
to explain the origin of the non-vanishing shear piezoresistance coefficient of myy = —13.6 x
1011 pa-! [Smith54]. Hence, these models are not capable of reproducing the anisotropy
of electron mobility in uniaxially stressed channels with [110] channel direction [Maruyama90,
Kanda91].

The anisotropy of the electron mobility in the (001)-plane arising from stress along the [110]
direction is shown in Figure 6.15. It is a result of the stress-induced effective mass change only.
In Figure 6.16 the anisotropic electron mobility resulting from stress along the [001] direction in
the (110)-plane is plotted. The anisotropy of the electron mobility originates from a repopulation
of the subband ladders induced by stress.
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Figure 6.16: (a) Constant energy surfaces of the lowest Si conduction band under uniaxial
tensile stress along [001] and projection on the (110) plane. (b) Simulated in-
plane electron mobility for various stress levels. At 0.2 GPa simulation results are
compared to the mobility calculated from the piezoresistance coefficients (open
squares).

The remainder of this section is temporarily not shown.

6.3 Electron Inversion Layer Mobility of Strained Si

The inversion layer mobility was calculated by means of a Monte Carlo method taking into
account the subband structure calculated from a Schrodinger-Poisson solver (see Chapter 4).
Phonon scattering and screened surface roughness scattering were taken into account. Depending
on the substrate orientation, the sixfold degeneracy of the A-valley is lifted and up to three
different subband ladders are formed. While for (001) substrate the subbands of the lowest
subband ladder (unprimed ladder) are circular and the ladder is two-fold degenerate, for (110)
substrate the subbands are elliptical and the unprimed ladder is fourfold degenerate. The higher
density of states and larger transport masses for (110) substrate yield a lower inversion layer
mobility as compared to (001) substrate. In Figure 6.17 simulation results are compared to
experimental data [Uchida03, Tsutsui05].

In the following the origin of the electron mobility enhancement induced by uniaxial stress of
the 2DEG is discussed. To demonstrate the influence of the substrate orientation, subband MC
simulations are performed for (001) and (110) oriented substrates. It is shown that uniaxial
stress leads to a pronounced anisotropy of the in-plane mobility for both substrate orientations.
While for (110) substrate this effect stems from the anisotropic transport mass of the lowest
subband ladder, the effective mass change induced by stress in [110] direction is responsible for
the anisotropic electron mobility on (001) oriented substrate.
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Figure 6.17: Simulated effective electron mobility ps for substrate orientation (001) and (110)
compared to measurements [Uchida03, Tsutsui05] (symbols). The anisotropic
mobility for the (110) substrate is given along [001] and [110].

The stress-induced change of the effective mass of electrons is incorporated in the subband MC
simulations. In Figure 6.18 the mobility components parallel and perpendicular to stress direc-
tion [110] are compared to the unstrained mobility for two tensile stress levels. Tensile stress
along [110] has two beneficial effects on the parallel mobility component: the splitting between
the unprimed and primed ladders is increased, and the transport mass in direction of stress is
reduced with respect to the unstrained case. From these two effects one can understand the mo-
bility enhancement parallel to the stress direction for all inversion layer densities. Perpendicular
to stress, the effective mass is increased, which leads to a smaller mobility enhancement in this
direction. strained Si,

To enhance the mobility for (110) substrate a uniaxial tensile stress along [001] is applied, as this
stress condition increases the splitting between the primed and unprimed ladders. From EPM
calculations only a negligible change of the effective transport masses in the subband ladders
is observed. Stress increases the component of g parallel to the stress direction, whereas the
perpendicular mobility is smaller as compared to the unstressed case as shown in Figure 6.19.
Since the effective masses are not changed, the mobility change is expected to saturate at larger
stress (~ 1 GPa), as soon as the primed ladder becomes depopulated. These results are in good
agreement with experimental data for the anisotropic mobility enhancement for (001) and (110)
oriented substrates [Irie04].
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Figure 6.18: Mobility components parallel (closed symbols) and perpendicular (open symbols)
to stress direction [110] without stress (circles), 0.1 GPa (squares), and 1 GPa
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Figure 6.20: Simulated effective mobility for substrate orientation (001), two channel orien-
tations and two body thicknesses of unstressed Si (solid lines) and with 1 GPa
stress along (a) [110] and (b) along [100] (dashed lines). The mobilities are
plotted parallel (closed symbols) and perpendicular (open symbols) to the stress
direction.

6.3.1 Channel Mobility in UTB MOSFETSs for (001) and (110) Substrates

The influence of stress on the effective electron mobility enhancement in UTB MOSFETSs is
analyzed. For (001) oriented substrate it was shown before that a stress in the [110] direction
induces two beneficial effects for the electron mobility in the [110] direction, namely (i) stress-
induced valley splitting and (ii) stress-induced effective mass change. At relatively large body
thicknesses like T; = 20 nm, the mobility enhancement Ap.g can be understood from a com-
bination of these two effects yielding an anisotropic p.g as compared to the unstressed system
(see Figure 6.20). In ultra-thin Si bodies, however, the strong geometrical quantum confinement
induces a large intrinsic valley splitting, thus the additional stress-induced wvalley shifts have a
negligible effect on the mobility. At T5=2.4 nm, the larger component pi.g) parallel and the
smaller component peg; perpendicular to the stress direction result from the effective mass
change only, which is in good agreement with experimental data [Uchida05].

In Figure 6.20 the effect of uniaxial stress along channels in [100] direction is shown. Stress in
direction [100] lifts the degeneracy of the fourfold degenerate, primed ladder. Since no effective
mass change occurs, A occurring at large Ty is a result of subband ladder repopulation only.
As the body thickness is decreased, the population of the higher subband ladders inevitably
decreases, and strain cannot further decrease the population. Therefore, in Si films with a
thickness of T;; = 2.4 nm even stress at a level of 1 GPa does not induce a mobility enhancement.

Stress-induced Ap.g for (110) oriented substrates can be understood from similar arguments.
Tensile stress along [001], which increases the bulk- and inversion layer mobility parallel to stress
(see Figure 6.16 and Figure 6.19), does not alter the mobilities at small T;, because it does not
change the effective masses, but merely increases the splitting between the primed and unprimed
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Figure 6.21: Effective mobility for substrate orientation (110) of unstressed (solid lines) and
1 GPa stressed (dashed lines) Si for two body thicknesses. The mobility compo-
nents are plotted parallel (closed symbols) and perpendicular (open symbols) to
stress direction [001].

subband ladders. Figure 6.21 shows how the stress-induced mobility enhancement, that can bhe
observed at Ty = 20 nm, vanishes at T = 3.7 nm.

6.3.2 Degeneracy Effects on Inversion Layer Mobility

The MC algorithm presented in Section 5.4 taking into account the Pauli principle has been com-
pared to two other methods found in the literature [Bosi76, Yamakawa96]. The first algorithm
to include the Pauli principle in the MC technique [Bosi76] is based on a self-consistent iterative
algorithm that uses a rejection technique to account for the occupation probability of the final
state after each scattering event. Since this auxiliary self-scattering mechanism is proportional
to the occupation of the final states, the algorithm prevents a large number of classically allowed
transitions.

A different approach to include degeneracy in MC simulations was given in [Yamakawa96].
Inelastic scattering rates are multiplied with a factor of (1 — frp(ef))/(1 — fep(€i)), where ¢;
and € denote the initial and final electron energy, respectively. This additional factor stems from
the use of Fermi-Dirac statistics within the relaxation time approximation [Roychoudhury80].

In the limit of vanishing field the mobility can also be calculated based on the relaxation time
approximation using the Kubo-Greenwood formula [Fischetti03]. Figure 6.22 shows that the
new method yields the closest agreement, whereas a non-self-consistent implementation of the
algorithm proposed in [Bosi76], where f(k) has been approximated by the equilibrium distribu-
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Figure 6.22: The simulated effective mobility using a new algorithm (solid line) is compared to
results of a non-self-consistent version of Bosi’s algorithm [Bosi76] (dotted line),
the algorithm proposed in [Yamakawa96], and to the mobility calculated with the
Kubo-Greenwood formalism (open circles).

tion function fpp(k), and the algorithm proposed by [Yamakawa96] overestimate the effective
mobility.

Using the proposed MC algorithm the mean electron velocity as a function of total electron
energy was extracted in the small driving field limit. For this purpose the particle’s energy
domain was divided into a set of intervals AE. The mean velocity component of an electron in
direction of the driving field in a particular interval E € [Ep, Ep + AE] can be obtained during
a MC simulation from a history of duration T

T
T(Ey) = %/U[k(t]] (B[E(t) — Ey] —0[E(t) — Ep — AE])dt . (6.3)
0

where (F) denotes the unit step function and k(t) represents the trajectory of the electron
wave vector. Note that the overall mobility is proportional to the sum of the mean velocities of
all intervals.

A interesting behavior can be observed when comparing the mean velocities resulting from
simulations with classical and Fermi-Dirac statistics from Figure 6.23 and 6.24. As shown
in Figure 6.23 the mean velocities coincide for both simulation modes in the nondegenerate
regime (small E.g) when only phonon scattering is considered in the MC simulation. At high
E.g, where the 2DEG is highly degenerate, a shift of the mean velocity distribution toward
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Figure 6.23: Velocity distribution functions (left) and the corresponding electron mobilities
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limited by phonon scattering (right) for various effective fields.
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Figure 6.24: Velocity distribution functions (left) and the corresponding electron mobilities
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higher energies and a decrease of its peak can be observed as compared to the mean velocity
resulting from nondegenerate simulations without the Pauli principle. The coincidence of the
mean velocities in the nondegenerate regime is a check of consistency that the algorithm with
the Pauli principle included converges to the classical algorithm for the nondegenerate 2DEG. At
high F.g the different mean velocities can be interpreted as follows: In simulations neglecting the
Pauli principle electrons have an equilibrium energy of kg7 whereas the mean energy resulting
from simulations with the Pauli principle can be more than twice as much. Since phonon
scattering is proportional to the density of states, which is an increasing step-like function for
the 2DEG, electrons at higher energies — as it is the case in simulations with the Pauli principle
— experience more scattering and thus the phonon-limited mobility is strongly decreased (see
right plots of Figure 6.23).

The plots of Figure 6.24 show the mean velocities and the effective mobilities at various effective
fields when surface roughness scattering is included in MC simulations. At low FE.g surface
roughness scattering does not play an important role, and the mean velocities compare well
with the simulation results for the phonon-limited mobility in Figure 6.23. However, now even
at high F.g the mean velocities stemming from simulations with and without the Pauli principle
do not differ as much. The large peak that was observed in the nondegenerate phonon-limited
mean velocity at small energies is suppressed. This is a direct consequence of surface roughness
scattering, which is at small energies more effective than phonon scattering. Thus, the effective
mobility resulting from simulations with degenerate statistics are incidentally in close agreement
to those using classical statistics even though the phonon-limited mobility experiences a notice-
able reduction when using degenerate statistics. As previously discussed, this close agreement
can only be understood from the cancellation of two effects: Degeneracy leads to an increase of
the mean kinetic energy. This leads to an increase in phonon scattering and a decrease in the
mobility. At the same time electrons with larger kinetic energies experience less effective surface-
roughness scattering, thus the surface roughness limited mobility is increased. By coincidence,
in Si inversion layers at room temperature these two effects cancel each other at all effective
fields, and the difference between a simulation with nondegenerate and degenerate statistics is
very small.

As a final observation from Figure 6.23 and 6.24 one can see that due to degeneracy effects
electrons at energies below the Fermi level have smaller mean velocities, which corresponds well
to the general picture that highly occupied states have little contribution to transport.
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Chapter 7

Summary and Conclusions

TRAIN techniques are used by many prominent microprocessor manufacturers primarily

for their sub-130 nm CMOS technologies. The most prominent strain technologies were
outlined in this work. A revision of current strain technologies showed that shear strain induced
by uniaxial stress in (110) direction is widely used to enhance the electron mobility for {001} Si
substrate. Hence, in this work special emphasis was put on this strain configuration.

The effect of strain on the band structure of Si was investigated systematically using the linear
deformation potential theory and the k-p method. Shear strain lifts the degeneracy of the two
lowest conduction bands A; and Ag at the zone boundary X points. The change of the shape
of the lowest conduction band was quantified in terms of (i) an effective mass change, (ii) a
shear-strain-induced valley splitting, and (iii) a change in position of the valley minimum in
k-space. Additionally, the empirical pseudopotential method was adapted to incorporate strain
effects. The results from numerical band structure calculations were compared to the analytical
expressions derived using the k-p theory and good agreement was observed.

Furthermore, the effect of strain on the subband structure of Si inversion layers formed at the
surface between one or two Si-SiOj interfaces with {001}, {110}, and {111} substrate orientation
was shown. The transport masses and the degeneracy of the subband ladders depend on the
substrate orientation and can be modified by strain. The strain configurations that enhance
carrier mobility were identified for each substrate orientation.

Fullband MC simulations were performed using VMC to analyze the effect of strain on the
electron mobility. MC simulations using an analytical description of the electron bands were
shown to be valid in a limited range of shear strain (< +0.5%). At larger shear strain the
band deformation is so pronounced, that fullband modeling is required. Hence, for modeling of
transport in strained Si a fullband description is of particular importance. MC simulations and
a rigorous modeling of the strain effect on the electron band structure reproduce experimentally
observed mobility data for bulk Si and Si inversion layers on different substrate orientations.

A method for the inclusion of the Pauli principle in a Monte Carlo algorithm is presented to study
the effect of degeneracy both on the phonon-limited mobility and the effective mobility including
surface-roughness scattering in Si inversion layers. It is shown that at room temperature and for
{001} substrate orientation incidentally degeneracy has a minor effect on the effective mobility,
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SUMMARY AND CONCLUSIONS

despite non-degenerate statistics yields unphysical subband populations and an underestimation
of the mean electron energy. In general a correct treatment of the degenerate carrier statistics
of the 2DEG is important.

106



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Bibliography

[Agostinelliol]

[Ando82]

[Andrieu06]

[Ang04]

[Ang05]

[Arghavani06]

[Ashcroft76]

[Bai04]

V. M. Jr. Agostinelli, H. Shin, and A. F. Jr. Tasch. A comprehensive model
for inversion layer hole mobility for simulation of submicrometer MOSFET’s.
IEEE Trans.Electron Devices, vol. 38, pages 151-159, 1991.

T. Ando, A.B. Fowler, and F. Stern. Electronic properties of two-dimensional
systems. Review of Modern Physics, vol. 54, no. 2, pages 437-672, 1982.

F. Andrieu, T. Ernst, O. Faynot, O. Rozeau, Y. Bogumilowicz, J. M. Hart-
mann, L. Brevard, A. Toffoli, D. Lafond, and B. Ghyselen. Performance and
physics of sub-50 nm strained Si on Sii—,Ge, on insulator (SGOI) nMOS-
FETs. Solid-State Electron., vol. 50, pages 566-572, Apr 2006.

Kah-Wee Ang, King Jien Chui, V. Bliznetsov, Anyan Du, N. Balasubrama-
nian, Ming Fu Li, Ganesh Samudra, and Yee-Chia Yeo. Enhanced perfor-
mance in 50 nm n-MOSFETs with silicon-carbon source/drain regions. In
Proc. Intl. Electron Devices Meeting, pages 1069-1071, 2004.

Kah-Wee Ang, King-Jien Chui, Vladimir Bliznetsov, Chih-Hang Tung,
Anyan Du, Narayanan Balasubramanian, Ganesh Samudra, Ming Fu Li, and
Yee-Chia Yeo. Lattice strain analysis of transistor structures with silicon—
germanium and silicon—carbon source/drain stressors.  Appl.Phys.Lett.,
vol. 86, no. 9, page 093102, 2005.

R. Arghavani, L. Xia, H.M. Saad, M. Balseanu, G. Karunasiri, A. Mascaren-
has, , and S. E. Thompson. A reliable and manufacturable method to induce
a stress of > 1GPa on a p-channel MOSFET in high volume manufacturing.
IEEE Electron Device Lett., vol. 27, no. 2, pages 114-116, 2006.

N. W. Ashcroft, and N. D. Mermin. “Solid state physics,”. W. B. Saunders,
Philadelphia, 1976.

P. Bai, C. Auth, S. Balakrishnan, M. Bost, R. Brain, V. Chikarmane,
R. Heussner, M. Hussein, J. Hwang, D. Ingerly et al. A 65 nm logic technol-
ogy featuring 35 nm gate lengths, enhanced channel strain, 8 Cu interconnect

107



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

BIBLIOGRAPHY

[Balslev66]

[Bardeen50]

[Bastard81]

[Belford01]

[Bera06]

[Bir74]

[Boeuf01]

[Bosi76]

[Bufler9g]

[Cardona66]

[Chan03]

[Chan05]

layers, low-k ILD and 0.57 ym? SRAM cell. In Proc. Intl. Electron Devices
Meeting, pages 657-660, 2004.

1. Balslev. Influence of uniazial stress on the indirect absorption edge in
silicon and germanium. Physical Review, vol. 143, pages 636 — 647, 1966.

J. Bardeen, and W. Shockley. Deformation potentials and mobilities in non-
polar crystals. Physical Review, vol. 80, no. 1, pages 72-80, 1950.

G. Bastard. Superlattice band structure in the envelope-function approxima-
tion. Physical Review B, vol. 24, no. 10, pages 5693-5697, Nov 1981.

R.E. Belford. Uniazial, tensile-strained Si devices. J.Electron.Mater., vol. 30,
no. 7, pages 807-811, 2001.

L.K. Bera, W.Y. Loh, , L.H. Guo, X.W. Zhang, G.Q. Lo, N. Balasubrama-
nian, and D.-L. Kwong. The impact of uniform strain applied via bonding
onto plastic substrate on MOSFET performance. IEEE Electron Device Lett.,
vol. 27, no. 1, pages 5861, 2006.

G. L. Bir, and G. E. Pikus. “Symmetry and strain induced effects in semi-
conductors,”. Wiley, New York, 1974.

F. Boeuf, T. Skotnicki, S. Monfray, C. Julien, D. Dutartre, J. Martins, P. Ma-
zoyer, R. Palla, B. Tavel, P. Ribot, E. Sondergard, and A. Sanquer. 16
nm planar NMOSFET manufacturable within state-of-the-art CMOS process
thanks to specific design and optimisation. In Proc. Intl. Electron Devices
Meeting, pages 29.5.1-29.5.4, 2-5 Dec. 2001.

S. Bosi, and C. Jacoboni. Monte Carlo high-field transport in degenerate
GaAs. J.Physics C, vol. 9, pages 315-319, 1976.

F.M. Bufler. “Full-band monte carlo simulation of electrons and holes in
strained Si and SiGe,”. Herbert Utz Verlag, 1998.

Manuel Cardona, and Fred H. Pollak. Energy-band structure of germanium
and silicon: The k-p method. Physical Review, vol. 142, no. 2, pages 530-543,
Feb 1966.

V. Chan, R. Rengarajan, N. Rovedo, Wei Jin, T. Hook, P. Nguyen, Jia
Chen, E. Nowak, Xiang-Dong Chen, D. Lea, A. Chakravarti, V. Ku, S. Yang,
A. Steegen, C. Baiocco, P. Shafer, Hung Ng, Shih-Fen Huang, and C. Wann.
High speed 45nm gate length CMOSFETs integrated into a 90nm bulk technol-
ogy incorporating strain engineering. In Proc. Intl. Electron Devices Meeting,
pages 77-80, 2003.

V. Chan, Ken Rim, Meikei Ieong, Sam Yang, Rajeev Malik, Young Way
Teh, Min Yang, and Qiqing. Strain for CMOS performance improvement.
In Custom Integrated Circuits Conference, 2005. Proceedings of the IEEE
2005, pages 667-674, 2005.

108



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

BIBLIOGRAPHY

[Chang03]

[Chelikowsky76]

[Chen04]

[ChengT71]

[Cheng01]

[Chidambaram06]

[Chui07]

[Cohen89]

[Connelly03]

[Conwell67]

[Cousins87]

[Darwish97]

L. Chang, Yang-kyu Choi, D. Ha, P. Ranade, Shiying Xiong, J. Bokor, Chen-
ming Hu, and T. J. King. FEztremely scaled silicon nano-CMOS devices.
Proc.IEEE, vol. 91, pages 1860-1873, 2003.

James R. Chelikowsky, and Marvin L. Cohen. Nonlocal pseudopotential cal-
culations for the electronic structure of eleven diamond and zinc-blende semi-
conductors. Physical Review B, vol. 14, no. 2, pages 556582, Jul 1976.

Chien-Hao Chen, T. L. Lee, T. H. Hou, C. L. Chen, C. C. Chen, J. W. Hsu,
K. L. Cheng, Y. H. Chiu, H. J. Tao, Y. Jin, C. H. Diaz, S. C. Chen, and M. S.
Liang. Stress memorization technique (SMT) by selectively strained-nitride

capping for sub-65nm high-performance strained-Si device application. In
VLSI Symp. Tech. Dig., pages 56-57, 2004.

Y. C. Cheng. On the scattering of electrons in magnetic and electric surface
states by surface roughness. Surface Science, vol. 27, pages 663-666, Oct
1971.

Zhi-Yuan Cheng, M. T. Currie, C. W. Leitz, G. Taraschi, E. A. Fitzgerald,
J. L. Hoyt, and D. A. Antoniadas. Electron mobility enhancement in strained-
Si n-MOSFETs fabricated on SiGe-on-insulator (SGOI) substrates. TEEE
Electron Device Lett., vol. 22, pages 321-323, 2001.

P. R. Chidambaram, C. Bowen, S. Chakravarthi, C. Machala, and R. Wise.
Fundamentals of silicon material properties for successful exploitation of
strain engineering in modern CMOS manufacturing. TEEE Trans.Electron
Devices, vol. 53, no. 5, pages 944-964, 2006.

K. J. Chui, K. W. Ang, N. Balasubramanian, M. F. Li, G. S. Samudra, and
Y. C. Yeo. n-MOSFET with silicon—carbon source/drain for enhancement
of carrier transport. IEEE Trans.Electron Devices, vol. 54, pages 249-256,
2007.

M. L. Cohen, and J. Chelikowsky. “Electronic structure and optical proper-
ties of semiconductors,”, volume 75 of Springer Ser. Solid-State Sci. Springer,
Berlin, Heidelberg, 1989.

D. Connelly, C. Faulkner, and D.E. Grupp. Performance advantage of Schot-
tky source/drain in ultrathin-body silicon-on-insulator and dual-gate CMOS.
IEEE Trans.Electron Devices, vol. 50, no. 5, pages 13401345, May 2003.

E.M. Conwell. “High field transport in semiconductors,”, volume 9 of Solid
State Physics. Academic Press, New York, London, 1967.

C. S. G. Cousins, L. Gerward, J. S. Olsen, B. Selsmark, and B. J. Sheldon.
Surface effects in uniaxially stressed crystals: the internal-strain parameters
of silicon and germanium revised. Journal of Physics C Solid State Physics,
vol. 20, pages 29-37, January 1987.

M. N. Darwish, J. L. Lentz, M. R. Pinto, P. M. Zeitzoff, T. J. Krutsick, and
Hong Ha Vuong. An improved electron and hole mobility model for general

109



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

BIBLIOGRAPHY

[Dhar05]

[Eneman05]

[Esseni03]

[Esseni0O4]

[Ferry97]

[Fischett196a]

[Fischetti96b]

[Fischetti02]

[Fischetti03]

[Fitzgerald91]

[Friedel89]

purpose device simulation. IEEE Trans.Electron Devices, vol. 44, pages 1529—
1538, 1997.

S. Dhar, H. Kosina, V. Palankovski, E. Ungersboeck, and S. Selberherr.
Electron mobility model for strained-Si devices. IEEE Trans.Electron Devices,
vol. 52, no. 4, pages 527-533, 2005.

S. Eneman, P. Verheyen, R. Rooyackers, F. Nouri, L. Washington, R. De-
graeve, B. Kaczer, V. Moroz, A. De Keersgieter, R. Schreutelkamp,
M. Kawaguchi, Y. Kim, A. Samoilov, L. Smith, P. P. Absil, K. De Meyer,
M. Jurczak, and S. Biesemans. Layout impact on the performance of a locally
strained p-MOSFET. In VLSI Symp. Tech.Dig., pages 22-23, 2005.

D. Esseni, and A. Abramo. Modeling of electron mobility degradation by re-
mote coulomb scattering in ultrathin oxide MOSFETs. IEEE Trans.Electron
Devices, vol. 50, no. 7, pages 1665-1674, 2003.

D. Esseni. On the modeling of surface roughness limited mobility in
SOI MOSFETs and its correlation to the transistor effective field. 1EER
Trans.Electron Devices, vol. 51, no. 3, pages 394-401, 2004.

D. K. Ferry, and S. M. Goodnick. “Transport in nanostructures,”. Cambridge
University Press, 1997.

M. V. Fischetti, and S. E. Laux. Band structure, deformation potentials, and
carrier mobility in strained Si, Ge, and SiGe alloys. J.Appl.Phys., vol. 80,
no. 4, pages 2234-2252, 1996.

M.V. Fischetti, and S.E. Laux. Monte Carlo simulation of electron transport
in Si: The first 20 years. In G. Baccarani, and M. Rudan, editeurs, 26th
European Solid State Device Research Conference, pages 813-820, Bologna,
Italy, 1996. Editions Frontiers.

M. V. Fischetti, F. Gamiz, and W. Hansch. On the enhanced electron mobility
in strained-silicon inversion layers. J.Appl.Phys., vol. 92, no. 12, pages 7320—
7324, 2002.

M. V. Fischetti, and Z. Ren. Siz-band k-p calculation of the hole mobility
in silicon inversion layers: Dependence on surface orientation, strain, and
silicon thickness. J.Appl.Phys., vol. 94, no. 2, pages 1079-1095, 2003.

E.A. Fitzgerald, Y.H Xie, M.L. Green, D. Brasen, A.R. Kortan, J. Michel,
Y.J. Mii, and B. Weir. Totally relazed Ge,Si_, layers with low threading
dislocation densities grown on Si substrates. J.Appl.Phys., vol. 59, no. 7,
pages 811-813, 1991.

P. Friedel, M. S. Hybertsen, and M. Schliiter. Local empirical pseudopotential
approach to the optical properties of Si/Ge superlattices. Physical Review B,
vol. 39, no. 11, pages 7974-7977, Apr 1989.

110



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

BIBLIOGRAPHY

[Fritze04]

[Ghyselen04]

[Goodnick85]

[Goroff63]

[Haensch06]

[Hall51]

[Harris04]

[Harrison56]

[Haugerud03]

[Hensel65]

[Herring56]

[Hinckley90]

[Hoeneisen72]

M. Fritze, C.L. Chen, S. Calawa, D. Yost, B. Wheeler, P. Wyatt, C.L. Keast,
J. Snyder, and J. Larson. High-speed Schottky-barrier pMOSFET with fr =
280 GHz. IEEE Electron Device Lett., vol. 25, no. 4, pages 220-222, April
2004.

B. Ghyselen, J. M. Hartmann, T. Ernst, C. Aulnette, B. Osternaud, Y. Bogu-
milowicz, A. Abbadie, P. Besson, O. Rayssac, and A. Tiberj. Engineering
strained silicon on insulator wafers with the Smart CutTM technology. Solid-
State Electron., vol. 48, pages 1285-1296, Aug 2004.

S. M. Goodnick, D. K. Ferry, C. W. Wilmsen, Z. Liliental, D. Fathy, and
O. L. Krivanek. Surface roughness at the Si(100)-SiOy interface. Physical
Review B, vol. 32, no. 12, pages 8171-8186, Dec 1985.

Iza Goroff, and Leonard Kleinman. Deformation potentials in silicon. III.
Effects of a general strain on conduction and valence levels. Physical Review,
vol. 132, no. 3, pages 1080-1084, Nov 1963.

W. Haensch, E. J. Nowak, and Dennard R. H. Silicon CMOS devices beyond
scaling. IBM J.Res.Dev., vol. 50, no. 4/5, pages 339-361, 2006.

Harry H. Hall, J. Bardeen, and G. L. Pearson. The effects of pressure and
temperature on the resistance of p — n junctions in germanium. Physical
Review, vol. 84, no. 1, pages 129-132, Oct 1951.

S. Harris. “An Introduction to the Theory of the Boltzmann Equation,”.
Courier Dover Publications, 2004.

W. A. Harrison. Scattering of electrons by lattice vibrations in nonpolar
crystals. Physical Review, vol. 104, no. 5, pages 1281-1290, 1956.

B. M. Haugerud, L. A. Bosworth, and R. E. Belford. Mechanically in-
duced strain enhancement of metal-oxride—semiconductor field effect transis-
tors. J.Appl.Phys., vol. 94, no. 6, pages 4102-4107, 2003.

J. C. Hensel, H. Hasegawa, and M. Nakayama. Cyclotron resonance in uni-
azially stressed silicon. II. Nature of the covalent bond. Physical Review,
vol. 138, no. 1A, pages A225-A238, Apr 1965.

Conyers Herring, and Erich Vogt. Transport and deformation-potential theory
for many-valley semiconductors with anisotropic scattering. Physical Review,
vol. 101, no. 3, pages 944-961, Feb 1956.

J.M. Hinckley, and J. Singh. Influence of substrate composition and crys-
tallographic orientation on the band structure of pseudomorphic Si-Ge alloy
films. Physical Review B, vol. 42, pages 3546-3566, 1990.

B. Hoeneisen, and C. A. Mead. Fundamental limitations in microelectronics—
I.MOS technology. Solid-State Electron., vol. 15, pages 819-829, July 1972.

111



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

BIBLIOGRAPHY

[Horstmann05]

[Hu96]

[Huang01]

[Intel07]

[Irie04]

[1t000]

[Jacoboni77]

[Jacoboni83]

[Jan05]

[Jungemann93]

[Jungemann03]

M. Horstmann, A. Wei, T. Kammler, J. Hontschel, H. Bierstedt, T. Feudel,
K. Frohberg, M. Gerhardt, A. Hellmich, K. Hempel, J. Hohage, P. Javorka,
J. Klais, G. Koerner, M. Lenski, A. Neu, R. Otterbach, P. Press, C. Re-
ichel, M.Trentsch, B. Trui, H. Salz, M. Schaller, H.-J. Engelmann, O. Her-
zog, H. Ruelke, P. Hiibler, R. Stephan, D. Greenlaw, M. Raab, and N. Ke-
pler. Integration and optimization of embedded-SiGe, compressive and tensile
stressed liner films, and stress memorization in advanced SOI CMOS tech-
nologies. In Proc. Intl. Electron Devices Meeting, pages 233-236, 2005.

Chenming Hu. Gate oxide scaling limits and projection. In Proc. Intl. Elec-
tron Devices Meeting, pages 319-322, 1996.

L.-J. Huang, J. Chu, S. Goma, C. Emic, S. Koester, D. Canaperi, P. Mooney,
S. Cordes, J. Speidell, R. Anderson, and H. Wong. Carrier mobility enhance-
ment in strained Si-on-Insulator fabricated by wafer bonding. In VLSI Symp.
Tech.Dig., pages 57-58, 2001.

Intel.  45nm technology, 2007. http://www.intel.com/technology /silicon-
/45nm_technology.htm.

H. Irie, K. Kita, K. Kyuno, and A. Toriumi. In-plane mobility anisotropy
and universality under uni-azial strains in n- and p-MOS inversion layers on
(100), (110), and (111) Si. In Proc. Intl. Electron Devices Meeting, pages
225-228, 2004.

S. Tto, H. Namba, K. Yamaguchi, T. Hirata, K. Ando, S. Koyama, S. Kuroki,
N. Ikezawa, T. Suzuki, T. Saitoh, , and T. Horiuchi. Mechanical stress effect
of etch-stop nitride and its impact on deep submicron transistor design. In
Proc. Intl. Electron Devices Meeting, pages 247-251, 2000.

C. Jacoboni, C. Canali, G. Ottaviani, and A. Alberigi Quaranta. A review
of some charge transport properties of silicon. Solid-State Electron., vol. 20,
pages 77-89, Feb 1977.

C. Jacoboni, and L. Reggiani. The Monte Carlo method for the solution of
charge transport in semiconductors with applications to covalent materials.
Reviews of Modern Physics, vol. 55, no. 3, pages 645-705, 1983.

C.-H. Jan, P. Bai, J. Choi, G. Curello, S. Jacobs, J. Jeong, K. Johnson,
D. Jones, S. Klopcic, J. Lin, N. Lindert, A. Lio, S. Natarajan, J. Neirynck,
P. Packan, J. Park, I. Post et al. A 65nm wultra low power logic platform
technology using uni-axial strained silicon transistors. In Proc. Intl. Electron
Devices Meeting, pages 60-63, 2005.

C. Jungemann, A. Edmunds, and W.L. Engl. Simulation of linear and non-
linear electron transport in homogeneous silicon inversion layers. Solid-State
Electron., vol. 36, no. 11, pages 1529-1540, 1993.

C. Jungemann, and B. Meinerzhagen. “Hierarchical Device Simulation: The
Monte Carlo Perspective,”. Computational Microelectronics. Springer, 2003.

112



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

BIBLIOGRAPHY

[Kanda91]

[Kaneb6]

[Karner06]

[Khamankar(04]

Kittel96]

[Kleinman62]

[Kondo01]

[Kosina0Oal

[Kosina00b]

[Kresse93]

[Kresse94]

[Kresse96al

Yozo Kanda, and Katuhisa Suzuki. Origin of the shear piezoresistance coeffi-
cient w44 of n-type silicon. Physical Review B, vol. 43, no. 8, pages 67546756,
Mar 1991.

E.O. Kane. FEnergy band structure in p-type germanium and silicon.
J.Phys.Chem.Solids, vol. 1, no. 1-2, pages 82-99, 1956.

M. Karner, A. Gehring, S. Holzer, M. Pourfath, M. Wagner, H. Kosina,
T. Grasser, and S. Selberherr. VSP-a multi-purpose Schriodinger-Poisson
solver for TCAD applications. In 11th International Workshop on Compu-
tational Electronics Book of Abstracts, pages 255-256, 2006.

R. Khamankar, H. Bu, C. Bowen, S. Chakravarthi, P. R. Chidambaram,
M. Bevan, A. Krishnan, H. Niimi, B. Smith, J. Blatchford, B. Hornung,
J. P. Lu, P. Nicollian, B. Kirkpatrick, D. Miles, M. Hewson, D. Farber,
L. Hall, H. Alshareef, A. Varghese, A. Gurba, V. Ukraintsev, B. Rathsack,
J. Deloach, J. Tran, C. Kaneshige, M. Somervell, S. Aur, C. Machala, and
T. Grider. An enhanced 90nm high performance technology with strong per-
formance improvements from stress and mobility increase through simple pro-
cess changes. In VLSI Symp. Tech. Dig., pages 162-163, 2004.

C. Kittel. “Introduction to solid state physics,”. John Wiley & Sons, 7
edition, 1996.

Leonard Kleinman. Deformation potentials in silicon. I. Uniaxial strain.
Physical Review, vol. 128, no. 6, pages 2614-2621, Dec 1962.

M. Kondo, and H. Tanimoto. An accurate Coulomb mobility model for
MOS inversion layer and its application to NO-oxynitride devices. TEEE
Trans.Electron Devices, vol. 48, pages 265-270, 2001.

H. Kosina, M. Nedjalkov, and S. Selberherr. A Monte Carlo Method for
Small Signal Analysis of the Boltzmann FEquation. J.Appl.Phys., vol. 87,
pages 4308-4314, 2000.

H. Kosina, M. Nedjalkov, and S. Selberherr. Theory of the Monte Carlo
method for semiconductor device simulation. IEEE Trans.Electron Devices,
vol. 47, no. 10, pages 1899-1908, 2000.

G. Kresse, and J. Hafner. Ab initio molecular dynamics for liquid metals.
Physical Review B, vol. 47, no. 1, pages 558-561, Jan 1993.

G. Kresse, and J. Hafner. Ab initio molecular-dynamics simulation of the
liquid-metal amorphous-semiconductor transition in germanium. Physical
Review B, vol. 49, no. 20, pages 14251-14269, May 1994.

G. Kresse, and J. Furthmiiller. Efficiency of ab-initio total energy calculations
for metals and semiconductors using a plane-wave basis set. Comput. Mat.
Sci., vol. 6, pages 15-50, 1996.

113



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

BIBLIOGRAPHY

[Kresse96D]

[Kresse99]

[Kurosawa66]

[Laude71]

[Laux88|

[Lee02]

[Levinshtein99]

[Lim04]

[Lombardi88]

[Lugli85]

[Luttinger55]

[Luttinger56]

[Maruyama90|

[Matsumoto02]

G. Kresse, and J. Furthmiiller. Efficient iterative schemes for ab initio total-
energy calculations using a plane-wave basis set. Physical Review B, vol. 54,
no. 16, pages 11169-11186, Oct 1996.

G. Kresse, and D. Joubert. From ultrasoft pseudopotentials to the projector
augmented-wave method. Physical Review B, vol. 59, no. 3, pages 1758-1775,
Jan 1999.

T. Kurosawa. Monte Carlo calculation of hot electron problems.
J.Phys.Soc.Jap, vol. 21, pages 424-426, 1966.

Lucien D. Laude, Fred H. Pollak, and Manuel Cardona. FEffects of uniazial
stress on the indirect exciton spectrum of silicon. Physical Review B, vol. 3,
no. 8, pages 2623-2636, Apr 1971.

S. E. Laux, and M. V. Fischetti. Monte-Carlo simulation of submicrometer
St n-MOSFETs at 77 and 300 K. IEEE Electron Device Lett., vol. 9, pages
467-469, 1988.

Hyunjin Lee, Jongho Lee, and Hyungcheol Shin. DC and AC' characteristics
of sub-50-nm MOSFETs with source/drain-to-gate nonoverlapped structure.
IEEE Trans.Nanotechnology, vol. 1, no. 4, pages 219-225, Dec. 2002.

M. Levinshtein, S. Rumyantsev, and M. Shur, editeurs. “Handbook Series
on Semiconductor Parameters,”, volume 1,2. World Scientific, London, 1999.

Ji-Song Lim, S. E. Thompson, and J. G. Fossum. Comparison of threshold-
voltage shifts for uniazial and biazxial tensile-stressed n-MOSFETs. TEEE
Electron Device Lett., vol. 25, pages 731-733, 2004.

C. Lombardi, S. Manzini, A. Saporito, and M. Vanzi. A physically
based mobility model for numerical simulation of nonplanar devices. IEEE
Trans.Computer-Aided Design, vol. 7, pages 1164-1171, 1988.

P. Lugli, and D. K. Ferry. Degeneracy in the ensemble Monte Carlo method
for high-field transport in semiconductors. TEEE Trans.Electron Devices,
vol. 32, pages 2431-2437, 1985.

J. M. Luttinger, and W. Kohn. Motion of electrons and holes in perturbed
periodic fields. Physical Review, vol. 97, no. 4, pages 869-883, Feb 1955.

J. M. Luttinger. Quantum theory of cyclotron resonance in semiconductors:
General theory. Phys. Rev., vol. 102, no. 4, pages 1030-1041, May 1956.

T. Maruyama, S. Zaima, Y. Koide, Y. Kanda, and Y. Yasuda. Anisotropy of
piezoresistance in n-channel inversion layers of metal-oxide-semiconductor
transistors on (001)Si. J.Appl.Phys., vol. 68, no. 11, pages 5687-5691, 1990.

T. Matsumoto, S. Maeda, H. Dang, T. Uchida, K. Ota, Y. Hirano,
H. Sayama, T. Iwamatsu, T. Ipposhi, H. Oda, S. Maegawa, Y. Inoue, , and
T. Nishmura. Novel SOI wafer engineering using low stress and high mobil-
ity CMOSFET with (100) channel for embedded RF/analog applications. In
Proc. Intl. Electron Devices Meeting, pages 663-666, 2002.

114



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

BIBLIOGRAPHY

[Mohta05]

[Mujtaba95s]

[Nielsen85]

[Nowotny98]

[Ota02]

[Ouyang05]

[Pidin04]

[Prange68]

[Price81]

[Reggiani73]

[Reggiani02]

[Rieger93]

[RimO0]

N. Mohta, and S. E. Thompson. Mobility enhancement. IEEE Circuits and
Devices Magazine, vol. 21, pages 18-23, 2005.

S. A. Mujtaba. Advanced mobility models for design and simulation of deep
submicron MOSFETs. PhD thesis, Stanford University, CA, 1995.

O.H. Nielsen, and R.M. Martin. Stresses in semiconductors: Ab initio cal-
culations on Si, Ge, and GaAs. Physical Review B, vol. 32, no. 6, pages
3792-3805, 1985.

Helmut Nowotny. Theoretische Festkorperphysik 11, 1998. Vorlesungsskript
Technische Universitat Wien.

K. Ota, K. Sugihara, H. Sayama, T. Uchida, H. Oda, T. Eimori, H. Morimoto,
and Y. Inoue. Nowel locally strained channel technique for high performance
55mm CMOS. In Proc. Intl. Electron Devices Meeting, pages 27-30, 2002.

Q. Ouyang, M. Yang, J. Holt, S. Panda, H. Chen, H. Utomo, M. Fischetti,
N. Rovedo, J. Li, N. Klymko, H. Wildman, T. Kanarsky, G. Costrini, D.M.
Fried, A. Bryant, J.A. Ott, M. leong, and C.Y. Sung. Investigation of CMOS
devices with embedded SiGe source/drain on hybrid orientation substrates. In
VLSI Symp. Tech. Dig., pages 28-29, 2005.

S. Pidin, T. Mori, K. Inoue, S. Fukuta, N. Itoh, E. Mutoh, K. Ohkoshi,
R. Nakamura, K. Kobayashi, K. Kawamura, T. Saiki, S. Fukuyama, S. Satoh,
M. Kase, and K. Hashimoto. A movel strain enhanced CMOS architecture
using selectively deposited high tensile and high compressive silicon nitride
films. In Proc. Intl. Electron Devices Meeting, pages 213-216, 2004.

R.E. Prange, and T.W Nee. Quantum spectroscopy of the low-field oscilla-
tions in the surface impedance. Physical Review, vol. 168, pages 779-786,
1968.

P. J. Price. Two-dimensional electron transport in semiconductor layers. I.
Phonon scattering. Annals of Physics, vol. 133, pages 217-239, May 1981.

L. Reggiani, and C. Calandra. Bloch states mizing in Si conduction band.
Physics Letters A, vol. 43, pages 339-340, Mar 1973.

S. Reggiani, A. Valdinoci, L. Colalongo, M. Rudan, G. Baccarani, A. Stricker,
F. llien, N. Felber, W. Fichtner, S. Mettler, S. Lindenkreuz, and L. Zullino.
Surface mobility in silicon at large operating temperature. In Simulation
of Semiconductor Processes and Devices, 2002. SISPAD 2002. International
Conference on, pages 15-20, 2002.

Martin M. Rieger, and Peter Vogl. FElectronic-band parameters in strained
Sii—z Gey alloys on Sii_yGe, substrates. Physical Review B, vol. 48, no. 19,
pages 14276-14287, Nov 1993.

K. Rim, J. L. Hoyt, and J. F. Gibbons. Fabrication and analysis of deep
submicron strained-Si n-MOSFET’s. IEEE Trans.Electron Devices, vol. 47,
pages 1406-1415, 2000.

115



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

BIBLIOGRAPHY

[Rim02]

[Rim03]

[Roldan96]

[Roychoudhury80]

[Sabnis79]

[Sadaka04]

[Scott99]

[Seitz35]

[Selberherr89]

[Sheraw05]

[Shimizu01]

[Shirahata92]

K. Rim, J. Chu, H. Chen, K. Jenkins, T. Kanarsky, K. Lee, A. Mocuta,
H. Zhu, R. Roy, J. Newbury, J. Ott, K. Petrarca, P. Mooney, D. Lacey,
S. Koester, K. Chan, D. Boyd, M. leong, and H. Wong. Characteristics and
device design of sub-100 nm strained Si n- and p-MOSFETs. In VLSI Symp.
Tech.Dig., pages 98-99, 2002.

K. Rim, K. Chan, L. Shi, D. Boyd, J. Ott, N. Klymko, F. Cardone, L. Tai,
S. Koester, M. Cobb, D. Canaperi, B. To, E. Duch, I. Babich, R. Carruthers,
P. Saunders, G. Walker, Y. Zhang, M. Steen, and M. leong. Fabrication and
mobility characteristics of ultra-thin strained Si directly on insulator (SSDOI)
MOSFETs. In Proc. Intl. Electron Devices Meeting, pages 49-52, 2003.

J. B. Roldan, F. Gamiz, J. A. Lopez-Villanueva, and J. E. Carceller. A
Monte Carlo study on the electron-transport properties of high-performance
strained-Si on relazed Si1_,Ge, channel MOSFETs. J.Appl.Phys., vol. 80,
no. 9, pages 5121-5128, 1996.

D. Roychoudhury, and P. K. Basu. Mobility of electrons in a quantized in-
version layer due to phonon scattering. Physical Review B, vol. 22, no. 12,
pages 63256329, 1980.

A. G. Sabnis, and J. T. Clemens. Characterization of the electron mobility
in the inverted (100) Si surface. In Proc. Intl. Electron Devices Meeting,
volume 25, pages 18-21, 1979.

M. Sadaka, AV.Y. Thean, A. Barr, D. Tekleab, S. Kalpat, and T. White.
Fabrication and operation of sub-50 nm strained-Si on Siy_, Ge, on Insulator
(SGOI) CMOSFETs. In Proceedings IEEE International SOI Conference,
pages 209-211, 2004.

G. Scott, J. Lutze, M. Rubin, F. Nouri, and M. Manley. NMOS drive current
reduction caused by transistor layout and trench isolation induced stress. In
Proc. Intl. Electron Devices Meeting, pages 827-830, 1999.

Frederick Seitz. The theoretical constitution of metallic lithium. Physical
Review, vol. 47, no. 5, pages 400412, Mar 1935.

S. Selberherr. MOS device modeling at 77 K. IEEE Trans.Electron Devices,
vol. 36, pages 1464-1474, 1989.

C.D. Sheraw, M. Yang, D.M. Fried, G. Costrini, T. Kanarsky, W.H. Lee,
V. Chan, M.V. Fischetti, J. Holt et al. Dual stress liner enhancement in
hybrid orientation technology. In VLSI Symp. Tech.Dig., pages 12-13, 2005.

A. Shimizu, K. Hachimine, N. Ohki, H. Ohta, M. Koguchi, Y. Nonaka,
H. Sato, , and F. Ootsuka. Local mechanical-stress control (LMC): A new
technique for CMOS-performance enhancement. In Proc. Intl. Electron De-
vices Meeting, pages 433-436, 2001.

M. Shirahata, H. Kusano, N. Kotani, S. Kusanoki, and Y. Akasaka. A mo-
bility model including the screening effect in MOS inversion layer. 1EEE
Trans.Computer-Aided Design, vol. 11, pages 1114-1119, 1992.

116



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

BIBLIOGRAPHY

[Shoji97]

[SIAOG]

[Singh93]

[Skotnicki05]

[Smirnov03]

[Smith54]

[Stanley98]

[Stathis98]

[Steegen99)]

[Stern67]

[Sverdlov06]

[Takagi94]

[Thompson04]

[Thompson06]

M. Shoji, Y. Omura, and M. Tomizawa. Physical basis and limitation of
universal mobility behavior in fully depleted silicon-on-insulator Si inversion
layers. J.Appl.Phys., vol. 81, pages 786—794, January 1997.

Semiconductor Industry Association SIA. International Technology Roadmap
for Semiconductors - 2006 Update, 2006. http://www.itrs.net.

Jasprit Singh. “Physics of semiconductors and their heterostructures,”.
McGraw-Hill, 1993.

T. Skotnicki, J. A. Hutchby, Tsu-Jae King, H. S. P. Wong, and F. Boeuf. The
end of CMOS scaling: toward the introduction of new materials and struc-
tural changes to improve MOSFET performance. IEEE Circuits & Devices,
vol. 21, pages 16-26, 2005.

S. Smirnov, H. Kosina, M. Nedjalkov, and S. Selberherr. Monte Carlo method
for modeling of small signal response including the Pauli exclusion principle.
J.Appl.Phys., vol. 94, no. 9, pages 5791-5799, 2003.

Charles S. Smith. Piezoresistance effect in germanium and silicon. Physical
Review, vol. 94, no. 1, pages 42-49, Apr 1954.

John Stanley, and Neil Goldsman. New irreducible wedge for scattering rate
calculations in full-zone Monte Carlo simulations. VLSI Design, vol. 8, no. 1—
4, pages 413-417, 1998.

J. H. Stathis, and D. J. DiMaria. Reliability projection for ultra-thin oxides
at low voltage. In Proc. Intl. Electron Devices Meeting, pages 167-170, 1998.

A. Steegen, M. Stucchi, A. Lauwers, and K. Maex. Silicide induced pattern
density and orientation dependent transconductance in MOS transistors. In
Proc. Intl. Electron Devices Meeting, pages 497-500, 1999.

Frank Stern, and W. E. Howard. Properties of semiconductor surface inver-
siton layers in the electric quantum limit. Physical Review, vol. 163, no. 3,
pages 816-835, Nov 1967.

V. Sverdlov, E. Ungersboeck, H. Kosina, and S. Selberherr. Orientation
dependence of the low field mobility in double- and single-gate SOI FETs.
Proceedings ESSDERC 2006, pages 178-181, 2006.

S. Takagi, A. Toriumi, M. Iwase, and H. Tango. On the Universality of Inver-
ston Layer Mobility in St MOSFET’s: Part Il-effects of surface orientation.
IEEE Trans.Electron Devices, vol. 41, no. 12, pages 2363-2368, 1994.

S.-E. Thompson, M. Armstrong, C. Auth, M. Alavi, and M. Buehler. A 90-
nm logic technology featuring strained-silicon. IEEE Trans.Electron Devices,
vol. 51, no. 11, pages 1790-1797, 2004.

S.-E. Thompson, G. Sun, Y.S. Choi, and T. Nishida. Uniazial-process-induced
strained-Si: Extending the CMOS Roadmap. IEEE Trans.Electron Devices,
vol. 53, no. 5, pages 1010-1020, 2006.

117



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

BIBLIOGRAPHY

[Tinkham64]

[Tosic81]

[Tsutsui05]

[Uchida03]

[Uchida05]

[Ungersboeck06al

[Ungersboeck06b]

[Uppal04]

[Van de Walle86]

[Vasileska97]

[Vasileska00]

[Venturi89]

M. Tinkham. “Group theory and quantum mechanics,”. McGraw-Hill, New
York, 1964.

T. I. Tosic, D. A. Tjapkin, and M. M. Jevtic. Mobility of majority carriers in
doped noncompensated silicon. Solid-State Electron., vol. 24, pages 577-582,
Jun 1981.

G. Tsutsui, M. Saitoh, T. Saraya, T. Nagumo, and T. Hiramotoy. Mobil-
ity enhancement due to volume inversion in (110)-oriented ultra-thin body
double-gate nMOSFETs with body thickness less than 5 nm. In Proc. Intl.
Electron Devices Meeting, pages 747750, 2005.

K. Uchida, J. Koga, and S. Takagi. FExperimental study on carrier transport
mechanisms in double- and single-gate ultrathin-body MOSFETs - Coulomb
scattering, volume inversion, and 6 TSOI-induced scattering. In Proc. Intl.
Electron Devices Meeting, pages 805-808, 2003.

K. Uchida, T. Krishnamohan, K.C. Saraswat, and Y.Nishi. Physical mecha-
nisms of electron mobility enhancement in uniaxial stressed MOSFETs and
impact of uniaxial stress engineering in ballistic regime. In Proc. Intl. Elec-
tron Devices Meeting, pages 135-138, 2005.

E. Ungersboeck, S. Dhar, G. Karlowatz, H. Kosina, and S. Selberherr. Physi-
cal modeling of electron mobility enhancement for arbitrarily strained silicon.
In 11th International Workshop on Computational Electronics Book of Ab-
stracts, pages 141-142, 2006.

E. Ungersboeck, and H. Kosina. Monte Carlo study of electron transport in
strained silicon inversion layers. J.Comput.Electronics, vol. 5, no. 2-3, pages
79-83, July 2006.

S. Uppal, M. Bollani, A.F.W. Willoughby, J.M. Bonar, R.J.H. Morris, and
M.G. Dowsett. Diffusion of ion-implanted boron in high Ge content SiGe
alloys. In Electrocemical Society Proceedings, volume 07, pages 159-165,
2004.

Chris G. Van de Walle, and Richard M. Martin. Theoretical calculations
of heterojunction discontinuities in the Si/Ge system. Physical Review B,
vol. 34, no. 8, pages 5621-5634, Oct 1986.

D. Vasileska, and D. K. Ferry. Scaled silicon MOSFET’s: universal mobility
behavior. IEEE Electron Device Lett., vol. 44, pages 577-583, 1997.

D. Vasileska, and Z. Ren. SCHRED 2.0 User’s Manual.
http://www.nanohub.org, 2000.

F. Venturi, R.K. Smith, E.C. Sangiorgi, M.R. Pinto, and B. Riccé. A general
purpose device simulator coupling poisson and Monte Carlo transport with
applications to deep submicron MOSFET’s. IEEE Trans.Computer-Aided
Design, vol. 8, no. 4, pages 360-369, 1989.

118



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

BIBLIOGRAPHY

[VMC2.006]

[Wallmark75]

[Wang03]

[Welser92]

[Welser94]

[Yamakawa96]

[Yang04]

[Yang06]

[Yu03]

[Zhang05]

[Zhu04]

VMC2.0. Vienna Monte Carlo 2.0 User’s Guide. Institut fiir Mikroelek-
tronik, http://www.iue.tuwien.ac.at/software, Technische Universitiat Wien,
Austria, 2006.

J. T. Wallmark. Fundamental physical limitations in integrated electronic
circuits. Inst. Phys. Conf. Ser., vol. 25, pages 133-167, 1975.

Y. G. Wang, D. B. Scott, J. Wu, J. L. Waller, J. Hu, K. Liu, and V. Ukraint-
sev. Effects of uniaxial mechanical stress on drive current of 0.13 pm MOS-
FETs. IEEE Trans.Electron Devices, vol. 50, pages 529-531, 2003.

J. Welser, J.L.. Hoyt, and J.F. Gibbons. NMOS and PMOS transistors fabri-
cated in strained silicon/relazed silicon-germanium structures. In Proc. Intl.
Electron Devices Meeting, pages 1000-1002, 1992.

J. Welser, J.L.. Hoyt, and J.F. Gibbons. Flectron Mobility Enhancement
in Strained-Si N-Type Metal-Ozide-Semiconductor Field-Effect Transistors.
IEEE Electron Device Lett., vol. 15, no. 3, pages 100-102, 1994.

S. Yamakawa, H. Ueno, K. Taniguchi, C. Hamaguchi, K. Miyatsuji,
K. Masaki, and U. Ravaioli. Study of interface roughness dependence of
electron mobility in Si inversion layers using the Monte Carlo method.
J.Appl.Phys., vol. 79, no. 2, pages 911-916, 1996.

H. S. Yang, R. Malik, S. Narasimha, Y. Li, R. Divakaruni, P. Agnello,
S. Allen, A. Antreasyan, J. C. Arnold, K. Bandy et al. Dual stress liner
for high performance sub-45nm gate length SOI CMOS manufacturing. In
Proc. Intl. Electron Devices Meeting, pages 1075-1077, 2004.

M. Yang, V.W.C. Chan, K.K Chan, L. Shi, D.M. Fried, J.H. Stathis et al.
Hybrid-orientation technology (HOT): Opportunities and challenges. TEEE
Trans.Electron Devices, vol. 53, pages 965-978, 2006.

P. Yu, and M. Cardona. “Fundamentals of Semiconductors,”. Springer, 2003.

D. Zhang, B.Y. Nguyen, T. White, B. Goolsby et al. Embedded SiGe S/D
PMOS on thin body SOI substrate with drive current enhancement. In VLSI
Symp. Tech. Dig., pages 26-27, 2005.

Shiyang Zhu, H.Y. Yu, S.J. Whang, J.H. Chen, Chen Shen, Chunxiang Zhu,
S.J. Lee, M.F. Li, D.S.H. Chan, W.J. Yoo, A. Du, C.H. Tung, J. Singh,
A. Chin, and D.L. Kwong. Schottky-barrier S/D MOSFETs with high-k gate
dielectrics and metal-gate electrode. TEEE Electron Device Lett., vol. 25,
no. 5, pages 268-270, May 2004.

119



BIBLIOGRAPHY

“yaylolgig Usiph N.L 1e uld Ul sjgejrene si SISay [210100p SIYl JO UoisiaA Jeulblio panoidde ay 1
“regBnpian yayiolgig UsIpn NL Jop ue 1sI uoneuassiq Jasalp uoisiaAfeulblO aponipab ausiqoidde aiq

qny aSpajmoud| JNoA

Slaylonqie

120



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Own Publications

1]

S. Dhar, E. Ungersbock, H. Kosina, T. Grasser, and S. Selberherr, “Electron Mobility Model
for (110) Stressed Silicon Including Strain-Dependent Mass,” IEEE Trans. Nanotechnology,
vol. 6, no. 1, pp. 97-100, 2007.

V. Sverdlov, E. Ungersboeck, H. Kosina, and S. Selberherr, “Volume inversion mobility in
SOI MOSFETsS for different thin body orientations,” Solid-State Electron., vol. 51, pp. 299—
305, 2007.

S. Dhar, H. Kosina, G. Karlowatz, S. E. Ungersboeck, T. Grasser, and S. Selberherr, “High-
Field Electron Mobility Model for Strained-Silicon Devices,” IEEE Trans. Electron Devices,
vol. 53, pp. 3054-3062, Dec. 2006.

S. Dhar, H. Kosina, G. Karlowatz, E. Ungersboeck, T. Grasser, and S. Selberherr, “A ten-
sorial high-field electron mobility model for strained silicon,” SiGe Technology and Device
Meeting, ISTDM 2006, pp. 72-73, 2006.

S. Dhar, E. Ungersboeck, H. Kosina, T. Grasser, and S. Selberherr, “Analytical Modeling of
Electron Mobility in Strained Germanium,” in Proc. Simulation of Semiconductor Processes
and Devices, (Monterey, USA), pp. 39-42, Sept. 2006.

S. Dhar, E. Ungersboeck, H. Kosina, T. Grasser, and S. Selberherr, “Electron Mobility
Model for (110) Stressed Si Including Strain-Dependent Mass,” in Abstracts IEEE 2006
Silicon Nanoelectronics Workshop, (Honolulu, USA), pp. 153-154, June 2006.

S. Dhar, E. Ungersboeck, M. Nedjalkov, and V. Palankovski, “Monte Carlo Simulation of
the Electron Mobility in Strained Silicon,” in The Fifteenth International Scientific and
Applied Science Conference Book 2, (Sozopol, Bulgaria), pp. 169-173, 2006.

G. Karlowatz, E. Ungersboeck, W. Wessner, and H. Kosina, “Full-Band Monte Carlo Anal-
ysis of Electron Transport in Arbitrarily Strained Silicon,” in Proc. Simulation of Semicon-
ductor Processes and Devices, (Monterey, USA), pp. 63-66, Sept. 2006.

G. Karlowatz, E. Ungersboeck, W. Wessner, H. Kosina, and S. Selberherr, Analysis of Hole
Transport in Arbitrarily Strained Germanium, vol. 3 of ECS Transactions. The Electro-
chemical Society, 2006.

121



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

OWN PUBLICATIONS

[10]

[11]

[12]

[13]

[15]

[17]

[18]

[19]

M. Karner, E. Ungersboeck, A. Gehring, S. Holzer, H. Kosina, and S. Selberherr, “Strain
Effects on Quasi-Bound State Tunneling in Advanced SOI CMOS Technologies,” in Proc.
Simulation of Semiconductor Processes and Devices, (Monterey, USA), pp. 314-317, Sept.
2006.

T. Krishnamohan, C. Jungemann, D. Kim, E. Ungersboeck, S. Selberherr, P. Wong,
Y. Nishi, and K. Saraswat, “Theoretical Investigation Of Performance In Uniaxially- and
Biaxially-Strained Si, SiGe and Ge Double-Gate p-MOSFETS,” in Proc. Intl. Electron De-
vices Meeting, pp. 36.2.1-36.2.4, 11-13 Dec. 2006.

V. Palankovski, A. Marchlewski, E. Ungersboeck, and S. Selberherr, “Identification of Tran-
port Parameters for Gallium Nitride Based Semiconductor Devices,” in Proc. of 5th Inter-
national Symposium on Mathematical Modeling, (Vienna, Austria), pp. 14-1-14-9, 2006.

V. Sverdlov, E. Ungersboeck, H. Kosina, and S. Selberherr, “Orientation Dependence of
the Low Field Mobility in Double-and Single-gate SOI FETs,” in Proc. 36th FEuropean
Solid-State Device Research Conf., (Montreux, Switzerland), pp. 178-181, 2006.

V. Sverdlov, E. Ungersboeck, and H. Kosina, “Mobility for High Effective Field in Double-
Gate and Single-Gate SOI for Different Substrate Orientations,” in EUROSOI 2006 Second
Workshop of the Thematic Network on Silicon On Insulator Technology, Devices and Cir-
cuits, (Grenoble, France), pp. 133-134, 2006.

V. Sverdlov, E. Ungersboeck, H. Kosina, and S. Selberherr, “Comparative Study of Low-
Field Mobilities in Double- and Single-Gate Ultra-Thin Body SOI for Different Substrate
Orientations,” in Abstracts IEEE 2006 Silicon Nanoelectronics Workshop, (Honolulu, USA),
pp. 17-18, June 2006.

V. Sverdlov, E. Ungersboeck, and H. Kosina, “Mobility Modeling in SOI FETs for Different
Substrate Orientations and Strain Conditions,” in NATO Advanced Research Workshop
Conference Abstracts, (Sudak, Ukraine), pp. 77-78, 2006.

E. Ungersboeck and H. Kosina, “Monte Carlo Study of Electron Transport in Strained
Silicon Inversion Layers,” J.Comput. Electronics, vol. 5, pp. 79-83, July 2006.

E. Ungersboeck, S. Dhar, G. Karlowatz, H. Kosina, and S. Selberherr, “Physical Modeling
of Electron Mobility Enhancement for Arbitrarily Strained Silicon,” in 11th International
Workshop on Computational Electronics Book of Abstracts, pp. 141-142, 2006.

E. Ungersboeck, V. Sverdlov, H. Kosina, and S. Selberherr, “Electron Inversion Layer
Mobility Enhancement by Uniaxial Stress on (001) and (110) Oriented MOSFETS,” in
Proc. Simulation of Semiconductor Processes and Devices, (Monterey, USA), pp. 43-46,
Sept. 2006.

E. Ungersboeck, V. Sverdlov, H. Kosina, and S. Selberherr, “Strain Engineering for CMOS
Devices,” in 2006 Eight International Conference on Solid-State and Integrated Cicuit Tech-
nology Proceedings (Part 1 of 3), pp. 124-127, 2006.

E. Ungersboeck, V. Sverdlov, H. Kosina, and S. Selberherr, Low-Field Electron Mobility in
Stressed UTB SOI MOSFETs for Different Substrate Orientations, vol. 3 of ECS Transac-
tions. The Electrochemical Society, 2006.

122



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

OWN PUBLICATIONS

[22]

[23]

[34]

[35]

E. Ungersboeck, V. Sverdlov, H. Kosina, and S. Selberherr, Modeling of Advanced Semi-
conductor Devices, vol. 4 of ECS Transactions. The Electrochemical Society, 2006.

E. Ungersboeck, V. Sverdlov, H. Kosina, and S. Selberherr, “Low-Field Electron Mobility in
Stressed UTB SOI MOSFETs for Different Substrate Orientations,” in Meeting Abstracts:
210th Meeting of The Electrochemical Society, p. 1397, 2006.

E. Ungersboeck, H. Kosina, and S. Selberherr, “The Influence of Stress on Inversion Layer
Mobility,” in Abstracts Advanced Heterostructure Workshop, (Kona, USA), pp. TH-2, 2006.

S. Dhar, G. Karlowatz, E. Ungersboeck, and H. Kosina, “Numerical and Analytical Mod-
eling of the High-Field Electron Mobility in Strained Silicon,” in Proc. Simulation of Semi-
conductor Processes and Devices, (Tokio, Japan), pp. 223-226, 01-03 Sept. 2005.

S. Dhar, H. Kosina, V. Palankovski, E. Ungersboeck, and S. Selberherr, “Electron Mobility
Model for Strained-Si Devices,” IEEE Trans.Electron Dewvices, vol. 52, no. 4, pp. 527-533,
2005.

S. Dhar, G. Karlowatz, E. Ungersboeck, H. Kosina, and S. Selberherr, “Modeling of Ve-
locity Field Characteristics in Strained Si,” in Proceedings of the Fourteenth International
Workshop on the Physics of Semiconductor Devices, pp. 1060-1063, 2005.

S. Dhar, H. Kosina, V. Palankovski, E. Ungersboeck, and S. Selberherr, “A Physically-Based
Electron Mobility Model for Strained Si Devices,” in Proc. NSTI Nanotech, pp. 1316, 2005.

M. Pourfath, A. Gehring, E. Ungersboeck, H. Kosina, S. Selberherr, B. Cheong, and
W. Park, “Separated carrier injection control in carbon nanotube field-effect transistors,”
J.Appl. Phys., vol. 97, p. 106103, 2005.

M. Pourfath, E. Ungersboeck, A. Gehring, B. Cheong, W. Park, H. Kosina, and S. Selber-
herr, “Optimization of Schottky barrier carbon nanotube field effect transistors,” Micro-
electronic Engineering, vol. 81, no. 2-4, pp. 428-433, 2005.

M. Pourfath, E. Ungersboeck, A. Gehring, H. Kosina, S. Selberherr, W. PARK, and
B. Cheong, “Numerical Analysis of Coaxial Double Gate Schottky Barrier Carbon Nan-
otube Field Effect Transistors,” J.Comput. Electronics, vol. 4, no. 1, pp. 75-78, 2005.

E. Ungersboeck, M. Pourfath, H. Kosina, A. Gehring, B. Cheong, W. Park, and S. Sel-
berherr, “Optimization of Single-Gate Carbon-Nanotube Field-Effect Transistors,” IEFE
Trans. Nanotechnology, vol. 4, no. 5, p. 533, 2005.

E. Ungersboeck and H. Kosina, “The Effect of Degeneracy on Electron Transport in Strained
Silicon Inversion Layers,” in Proc. Simulation of Semiconductor Processes and Devices,
(Tokio, Japan), pp. 311-314, 01-03 Sept. 2005.

E. Ungersboeck and H. Kosina, “Monte Carlo study of electron transport in strained silicon
inversion layers,” in 15th Workshop on Modeling and Simulation of Electron Devices, (Pisa,
Italy), pp. 10-11, July 2005.

S. Dhar, H. Kosina, V. Palankovski, E. Ungersboeck, and S. Selberherr, “Modeling of
Electron Mobility in Strained Si Devices,” in Proc. SAFE, pp. 793-796, 2004.

123



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

OWN PUBLICATIONS

[36]

[39]

M. Nedjalkov, H. Kosina, E. Ungersboeck, and S. Selberherr, “A quasi-particle model of
the electron-Wigner potential interaction,” Semicond.Sci. Technol., vol. 19, no. 4, pp. S226—
5228, 2004.

M. Pourfath, E. Ungersboeck, A. Gehring, B.-H. Cheong, H. Kosina, and S. Selberherr,
“Three-Dimensional Analysis of Schottky Barrier Carbon Nanotube Field Effect Transis-
tors,” in Proc. Simulation of Semiconductor Processes and Devices, (Munich, Germany),
pp- 149-152, Sept. 2004.

M. Pourfath, E. Ungersboeck, A. Gehring, W. Park, B.-H. Cheong, H. Kosina, and S. Sel-
berherr, “Numerical Analysis of Coaxial Double Gate Schottky Barrier Carbon Nanotube
Field Effect Transistors,” in 10th International Workshop on Computational Electronics
Book Abstracts, (West Lafayette, USA), pp. 237-238, 2004.

M. Pourfath, E. Ungersboeck, A. Gehring, B. Cheong, W. Park, H. Kosina, and S. Sel-
berherr, “Improving the ambipolar Behavior of Schottky Barrier Carbon Nanotube Field
Effect Transistors,” in Proc. 34th European Solid-State Device Research Conf., (Leuven,
Belgium), pp. 429-432, 2004.

M. Pourfath, E. Ungersboeck, A. Gehring, B.-H. Cheong, W. Park, H. Kosina, and S. Sel-
berherr, “Optimization of Schottky Barrier Carbon Nanotube Field Effect Transistors,” in
Nano and Giga Challenges in Microelectronics Book of Abstracts, (Krakow, Poland), p. 201,
2004.

E. Ungersboeck, M. Pourfath, A. Gehring, H. Kosina, B.-H. Cheong, and S. Selberherr,
“Optimization of Carbon Nanotube Field Effect Transistors,” in Proceedings of the Sympo-
sium on Nano Device Technology, SNDT, pp. 43-46, 2004.

E. Ungersboeck, A. Gehring, H. Kosina, S. Selberherr, B.-H. Cheong, and W. Choi, “Anal-
ysis of Carrier Transport in Carbon Nanotube FET Devices,” in Proceedings of the Twelfth
International Workshop on the Physics of Semiconductor Devices, pp. 1060-1063, 2003.

E. Ungersboeck, A. Gehring, H. Kosina, S. Selberherr, B.-H. Cheong, and W. B. Choi,
“Simulation of Carrier Transport in Carbon Nanotube Field Effect Transistors,” in Proc.
38rd European Solid-State Device Research Conf., (Estoril, Portugal), pp. 411-414, 2003.

Author Co-Author Total

Journals & Contributions to books 5 8 13
Conferences 9 21 30
Total 14 29 43

Table 1: Publication statistics.

124



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verflgbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Curriculum Vitae

Born in Vienna, Austria.

May 1995
High school graduation (Matura)
at the Akademisches Gymnasium Wien (with honors).

October 1995 — June 1996
Compulsory military service.

October 1996
Enrolled in Technical Physics at the Vienna University of Technology, Austria.

March 2002
Received degree of Diplom-Ingenieur (M.Sc.) in Technical Physics from the Vienna Uni-
versity of Technology.

June 2002
Entered the position of teaching assistant and doctoral program at the Institute for Micro-
electronics, Vienna University of Technology, under the supervision of Prof. Hans Kosina.

October 2003 — November 2003
Held a position as a visiting researcher at the Samsung Advanced Institute of Technology
(Seoul, South Korea).

May 2004
First prize of 11"" Symposium on Nano Device Technology (SNDT 2004) student paper
contest held in Hsinchu, Taiwan.

January 2004 — December 2006
Coordinator of Sinano project funded by the European Commission under the 6" EU
Framework Programme for Research and Technological Development at the Institute for
Microelectronics.

October 2006 — April 2007
Research and software development for project with the Semiconductor Technology De-
velopment Division, Semiconductor Business Group, Sony Coorporation.

125





